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a b s t r a c t 
The current understanding of the role of the cell membrane is in a state of ﬂux. Recent experiments 
show that conventional models, considering only electrophysiological properties of a passive membrane, 
are incomplete. The neuronal membrane is an active structure with mechanical properties that modulate 
electrophysiology. Protein transport, lipid bilayer phase, membrane pressure and stiffness can all inﬂu- 
ence membrane capacitance and action potential propagation. A mounting body of evidence indicates 
that neuronal mechanics and electrophysiology are coupled, and together shape the membrane potential 
in tight coordination with other physical properties. In this review, we summarise recent updates con- 
cerning electrophysiological-mechanical coupling in neuronal function. In particular, we aim at making 
the link with two relevant yet often disconnected ﬁelds with strong clinical potential: the use of me- 
chanical vibrations—ultrasound—to alter the electrophysiogical state of neurons, e.g., in neuromodulation, 
and the theories attempting to explain the action of general anaesthetics. 
Statement of Signiﬁcance 
General anaesthetics revolutionised medical practice; now an apparently unrelated technique, ultrasound 
neuromodulation—aimed at controlling neuronal activity by means of ultrasound—is poised to achieve a 
similar level of impact. While both technologies are known to alter the electrophysiology of neurons, the 
way they achieve it is still largely unknown. In this review, we argue that in order to explain their mech- 
anisms/effects, the neuronal membrane must be considered as a coupled mechano-electrophysiological 
system that consists of multiple physical processes occurring concurrently and collaboratively, as opposed 
to sequentially and independently. In this framework the behaviour of the cell membrane is not the re- 
sult of stereotypical mechanisms in isolation but instead emerges from the integrative behaviour of a 
complexly coupled multiphysics system. 
© 2019 Acta Materialia Inc. Published by Elsevier Ltd. 
This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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The Hodgkin–Huxley (H-H) model was ﬁrst proposed in 1952
o phenomenologically describe the evolution of the action po-
ential (AP) in the squid giant axon membrane [141] . It has since
ecome one of the theoretical pillars of modern neuroscience.
hile it incorporates some mechanistic elements, e.g., the opening
robabilities of ion channel gates, its strength resides in its ability
o mathematically capture the cell membrane’s electrophysiology
ithout the need to delve into the underlying mechanistic details. 
In parallel to the work of Hodgkin and Huxley, other effort s
ave taken the opposite approach by focussing instead on the un-
erstanding of these mechanisms. With little access to the bio-
hemistry of lipid bilayers and ion channels, the mechanical be-
aviour of axons during AP propagation ﬁrst came into scrutiny.
oth slow [163] and rapid [154] mechanical changes were initially
bserved to accompany the AP propagation. While the former has
een attributed to long term cytoskeletal reorganisation, the latter
inted at a mechanical vibration coupled and in phase with the AP.
lthough this observation has been made and conﬁrmed multiple
imes since the 1940’s [97,185,153,139,290,295,118,286,24,335,133] ,
t has generally attracted little attention, remaining mostly
arginalised by the core neuroscience community and the large
nternational initiatives. A body of evidence gathered over half a century shows that
ocal mechanical changes in the membrane propagate along with
he AP in neurons. These observations effectively point towards
he hypothesis that the AP is not merely an electrical pulse,
ut a more complex multiscale electro-mechanical process that
ffects and is affected by all components of the membrane. All
he theoretical models currently being developed to capture and
xplain the experimental observations bring to the forefront the
mportance of an often overlooked aspect of the biology of neural
embranes in particular, and neurons in general: their mechanical
roperties [242,335,133,81] . These models have chieﬂy persisted as
n intriguing but peripheral academic niche activity. 
More recently, due in part to the emergence of new experi-
ental techniques that allow to measure and alter the mechanical
roperties of membranes and living cells in physiological environ-
ents, research interest in the role of mechanics of the neuronal
embrane has grown rapidly, essentially driven by its potential
n medical applications. For example, an application that has
een building up momentum over the last decade is the use of
igh frequency mechanical vibrations (ultrasound) to modulate
euronal activity. The use of ultrasound for neuromodulation is
xpected to ﬁnd direct applications in the treatment of epilepsy
nd chronic pain, to promote neuroplastic repair mechanisms for
ost-stroke recovery, and even to enhance the delivery of drugs
118 A. Jerusalem, Z. Al-Rekabi and H. Chen et al. / Acta Biomaterialia 97 (2019) 116–140 
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f  across the blood brain barrier [162,197,21,228] . Nonetheless its
intrinsic mechanisms remain paradoxically unexplained. The incor-
poration of membrane mechanical properties in general theories
could also be key to solve the hitherto unsolved conundrum of
the mechanisms underpinning anaesthetics, a problem that has
now lingered without a completely satisfactory explanation for
a century. A new approach that incorporates mechanical aspects
of the actions of anaesthetics could lead to individualisation of
current treatments, prevention of undesirable interactions with
other drugs, as well as inspire the design of new anaesthetics. 
This review aims at highlighting the current convergence of
(often disjoint) disciplines around the ‘multiphysics’ nature of neu-
ronal membranes as supported by current biological evidence. In
this context, multiphysics means the coupling of diverse physical
properties. In particular, we present the current state of the art
in mathematical and numerical modelling of electrophysiological-
mechanical coupling while emphasising its use as a step-change in
the advancement of new medical applications, currently developed
in a costly and slow empirical fashion. Finally, we leverage such
philosophy in the context of two clinical applications: ultrasound
neuromodulation and anaesthetics. 
Section 2 reviews the relevance of mechanics in the brain
functions, both at the tissue level and cell level. Section 3 focusses
on the electro-mechanobiology of the neuronal cell membrane in
light of experimental biological evidence. Sections 4 and 5 build
on Section 3 by discussing these theories in the context of
ultrasound-driven neuromodulation and anaesthetics, respectively.
Section 6 discusses the future prospects and Section 7 concludes
this review. 
2. Mechanics in brain biology 
2.1. From brain to cell: A multiscale journey 
The brain is a hierarchically constructed soft matter structure
and thus propagates mechanical signals as a viscoelastic material
[83,108,215] . Said otherwise, mechanical energy is both elastically
stored and viscously dissipated (e.g., as heat) as it is deformed,
resulting in characteristic response times at different spatial scales
for different structures. Rodent and human brains have been de-
scribed as having estimated elastic moduli in the range of 0.1–16
kPa [83,108,215] . By comparison, other tissues in the body have
higher elastic moduli and are more rigid than brain tissue. For
example, bone is recognisably stiffer than neurons and its moduli,
in the range of 14–30 GPa [214] , whereas less rigid connective tis-
sues and arteries are in the range of 0.1–1 MPa, while even softer
muscle have an elasticity within 10–100 kPa [214] . Other studies
using magnetic resonance or ultrasound methods have estimated
the stiffness of tissues by imaging their responses to (shear)
sound waves propagated through the body [169,199] . For instance,
magnetic resonance elastography has been used to characterise
and map the viscoelastic properties of the human brain [169,199] ,
showing that the stiffness of brain regions varies substantially in
healthy humans and that mechanical properties change with age
and disease state [224,269,323] , as they arise from the interactions
of their cellular and extracellular components. 
Mechanical interactions at the cellular and subcellular levels
are an intrinsic part of the biological functions of the brain (and
any other living organ or system), see Fig. 1 -a—c. Forces within the
brain regulate cellular activity [137,307] . Propagation of forces and
mechanical interactions between intra- and extra-cellular struc-
tures such as the cell membrane (including lipids, ion channels
and other membrane associated proteins), the cell cytoskeleton
(composed of ﬁlamentous protein polymers including actin, micro-
tubules and neuroﬁlaments), the extracellular matrix (comprising
molecules such as collagens, glycosaminoglycans, proteoglycans,nd glycoproteins) and cell adhesion transmembrane proteins
e.g., cadherins, integrins, immunoglobulins, proteoglycans, and
electins) inﬂuence several neural activities such as ion channel
ctivation [17] , synaptic vesicle clustering [278] neurotransmitter
elease [48] , and axonal growth cone dynamics [280] . Probing
he mechanical properties of individual cells has become pos-
ible through the advancement of various techniques, including
agnetic twisting cytometry [70] , atomic force microscopy (AFM)
123] , micropipette aspiration [140] , optical tweezing and stretch-
ng [120,334] and microplate rheometry [297] . AFM has been
sed to examine the response of neuronal cells [282] . Previous
ork has reported dynamic mechanical measurements on single
eurons with measurements conducted in the linear inﬁnitesi-
al strain regime only [29] , so as to characterise some of the
ocal viscoelastic properties of neuronal cells. Furthermore, the
lastic storage and viscous loss moduli were extracted from the
orce–displacement output of oscillating 3 μm spherical AFM
robes actuated to small indentation depths at the cell surface
29] . Several types of living neurons and neuronal tissues have
een measured with AFM. Living rat hippocampal slices have been
easured by large sphere-tipped AFM cantilevers (25 μm). It was
ound that elasticity between 50 and 300 Pa depended on the re-
ion of the cell being measured [83] . For example, measurements
n CA3 regions (Cornu Ammonis area 3 of the hippocampus)
ielded stiffer average measurements (230–300 Pa) than those
aken in CA1 regions ( ∼ 170 Pa and ∼ 200 Pa). Furthermore,
iving explants of the foetal rat cortex demonstrated similar values
s for the hippocampal slices, with an average of approximately
00 Pa measured with a 2.5 μm sphere-tipped probe [232] . In
ddition, the hippocampal and retinal neurons were measured
t various indentation frequencies where an increase in the
easured elastic modulus was observed with an increase in
ndentation frequency [192] . AFM measurements of neuronal cells
re typically taken at substantially lower indentation frequencies
o limit viscoelastic effects. One study showed that cells respond
ith an almost ideal elastic response at very low force (30 pN or
ess) and that, at larger forces, the measured elasticity depends
n the loading rate [229] . For larger forces, the dependence of
he measured elasticity on the loading rate was minimised by
hoosing softer cantilevers, smaller maximum force values, and by
inimising the cantilever loading rates used [229] . 
Going down in size to subcellular structures (cytoskeleton,
xtracellular matrix, cell membrane) and proteins, a new level
f biological complexity emerges. Mechanically active structural
etworks connect the extracellular and intracellular spaces us-
ng micro- and nanoscale molecular architectures. This network
omprises redundant and embedded networks whose complex
iscoelastic properties allow mechanical signals to propagate, be
ampened or directed to speciﬁc cells. Cells can respond to them
y, for example, conversion to biochemical activity such as gene
xpression (mechanotransduction) during morphogenesis, growth
nd survival, among others. Several medical conditions including
troke, migraine and cerebral oedema have been associated with
ellular mechanotransduction [145] . Similarly, a variety of neural
unctions have been linked to mechanotransduction: for example,
echanical activity mediated by integrins is key to the formation
nd regulation of the synapse morphology and maturation [28] .
imilarly, synaptic plasticity [328] and remyelination of damaged
hite matter [236] are also linked to mechanotransduction events.
.2. From cell to membrane: A multiphysics gateway 
.2.1. Membrane as a multiphysics scaffold 
The cell membrane is a highly specialised compartment, which
cts as a multiphysics scaffold holding many essential cellular
unctions including transport of molecules, communication, and
A. Jerusalem, Z. Al-Rekabi and H. Chen et al. / Acta Biomaterialia 97 (2019) 116–140 119 
Fig. 1. The multiscale mechanics of the healthy brain (a: organ, b: neural network, c: neuron, d: membrane), the electrophysiological-mechanical coupling in different 
theories (e), and axonal damage during traumatic brain injury (f). 
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l  etabolic properties, see Fig. 1 -d. Mammalian cell membranes
onsist of a lipid bilayer composed of amphiphilic lipid molecules
rranged in a 2D assembly, and proteins embedded or associated
ith it, which include ion channels. Traditionally, lipid bilayers
ere thought to behave as 2D Newtonian ﬂuids allowing mem-
rane proteins to diffuse laterally. This representation as a passive
D ﬂuid has gradually been abandoned in favour of a more com-
lex picture: an anisotropic time-dependent viscoelastic biphasic
aterial [10] , capable of transmitting or attenuating mechanical
orces that regulate biological processes. The plasma membrane is dynamic structure that undergoes various changes across time
nd length scales [239] . Membrane deformations affect the activity
f ion channels on millisecond timescales relevant to neuronal
ctivity [307] . The deformation of the plasma membrane in re-
ponse to force has been previously described by its compression
 K C ), area expansion ( K A ) and bending ( K B ) moduli. Recently, AFM
as been used to map with nanometer resolution the viscoelastic
roperties of lipid membranes [10] . It has been observed that
 B < K A < K C [89] , implying that the plasma membrane requires
ess energy to bend than to be stretched or compressed. This
120 A. Jerusalem, Z. Al-Rekabi and H. Chen et al. / Acta Biomaterialia 97 (2019) 116–140 
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m  observation is in agreement with the neurons ability to exo-
cytose and recapture vesicles, as well as respond to protrusive
and repulsive forces experienced during cell growth and motility
[307] . Furthermore, the intrinsic viscoelastic properties of neuronal
membrane are further inﬂuenced by its mechanical links with the
cytoskeleton, which provides the structural support and tension
within cells. 
Key to the function of neurons is the localisation of transmem-
brane ion channels which are necessary for electrical signalling.
In the brain, the voltage-gated potassium channels often show
not only polarised sorting to either axons or dendrites but also
isoform localisation within dendrites alone. This implies that there
exist speciﬁc sorting mechanisms for restricting lateral distribution
within a given membrane function [275] . Recent advances in the
study of cell membrane structure have led to the emerging idea
of microdomains that exist within the ﬂuid bilayer. These dynamic
structures, called lipid rafts are rich in cholesterol and sphin-
golipids [279] . Cholesterol molecules enhance the permeability-
barrier properties of the lipid bilayer. These molecules orient
themselves in the bilayer with their hydroxyl groups close to the
polar head groups of the phospholipid molecules. In this position,
their rigid steroid rings interact with and partly immobilise those
regions of the hydrocarbon chains closest to the polar head groups.
Moreover, the lipid rafts are found in both excitable and non-
excitable cells and localise several membrane proteins, including
signal transduction molecules [128] . Furthermore, the activity of
several mammalian ion channels has been shown to be modulated
by polyunsaturated fatty acids, including arachidonic acid and
membrane phospholipids [253] . The lipid bilayer and protein-lipid
interaction are critical for mechanosensitive gating and modulation
of neuronal two-pore domain potassium channels such as TREK-1
and TRAAK [38] . Stretch-activated calcium-dependent potassium
channels are activated by both membrane stretch and amphipathic
molecules that insert themselves into one leaﬂet of the lipid
bilayer [195] . Currently, there are two models that describe the
gating of mechanosensitive channels by mechanical force: tethered
and bilayer. Since prokaryotic cells lack a cytoskeleton, it has been
previously shown that the mechanosensitive channels receive
energy from the conformational changes of their surrounding
bilayer, which acts as the tension-bearing element [198] . However,
eukaryotic cells contain excess membrane area which is supported
by a contractile cytoskeletal network that locally regulates the
mechanosensitivity of their mechanosensitive channels [198] . On
the other hand, more recent evidence has demonstrated that
eukaryotic mechanosensitive channels can also be gated by the
bilayer mechanism [161] . These ﬁndings suggest that the response
may be cell-type speciﬁc. 
Physical cues such as pressure, osmolarity, vibration, shear
stress, stretch or sound waves can activate a range of mechanosen-
sitive channels in the central nervous system as well as in
the sensory systems [69,257] . Ion channel activation is usually
recorded by directly measuring ion ﬂow across the cell membrane
using patch clamp electrophysiology of single cells [270] or by
recording AP ﬁring activity from intact nerve ﬁbers [259] . Fur-
thermore, other techniques such as micropillar arrays for single
channel stimulations [252,322] , the use of magnetic nanoparticles
for the application of localised pulling forces on speciﬁc domains
[321] and calcium imaging for uniform stimulation of large pop-
ulations of channels [302,298] have also been used to control and
measure the activity of mechanically activated channels. These
techniques have been developed to apply mechanical forces to
speciﬁc locations of a cell, including nerve terminals or neurites,
where mechanically activated ion channels are thought to be
located. For example, a previous study employed the use of mi-
cropillars arrays where each pillar is controlled by a piezoelectric
device and can be deﬂected to apply local mechanical indentationso neuronal cells [252] . This system revealed distinct populations
f mechanically activated currents in dorsal root ganglia neurons
y substrate deﬂection at both soma and neurites. 
Mechanical forces can be applied to isolated cells through
uid shear stress [58] , membrane indentation with an AFM tip
11] or membrane stretch [25] . Furthermore, membrane stretch
an also be applied to lipid-solubilised ion channels reconstituted
nto proteoliposomes [38] . These distinct mechanical stimuli are
enerally cell type speciﬁc. For example, muscle cells experience
ensile forces (stretch), endothelial cells sense shear stress, while
omatosensory neurons experience membrane indentations. Cel-
ular swelling due to changes in osmotic potentials, however, is
lower and less uniform compared to the aforementioned physical
orces, because it is normally compensated by changes in the
ell cytoskeleton [151,268] . Finally, cell swelling can activate ion
hannels through indirect mechanisms such as reduction of ionic
trength [268] . 
.2.2. Membrane as a dynamic channel-driven sensor 
Sodium ion channels, which are expressed in somatosensory
eurons of C. elegans were among the ﬁrst identiﬁed eukaryotic
echanically activated ion channels [44,18] . MEC-4 and MEC-10
re amongst the degenerin genes (sodium ion channels), which
re pore-forming subunits of an ion channel complex required
or the activation of the gentle touch receptors ALM and PLM
235] . Furthermore, it was initially shown that abolishing MEC-4
nd MEC-10 genes obliterates the mechanosensitivity of PLM neu-
ons in vivo and that missense mutations of MEC-10 change the
on conductivity upon mechanical stimulation of both ALM and
LM cells [235] . Interestingly, when the mutant forms of MEC-4 or
EC-10 were expressed in Xenopus oocytes, an amiloride-sensitive
odium current was recorded [235] . Moreover, the current readings
ere further increased when these proteins were co-expressed
ith MEC-2, a stomatin-related integral membrane protein, and
EC-6, a paraoxonase-related integral membrane protein [47,115] .
herefore, these results indicate the existence of a multi-subunit
omplex involved in ion conductivity, where further experiments
re needed to validate the exact mechanisms of the complex. 
DEGT-1 and DEG-1 are two degenerin genes (corresponding
o two sodium ion channels) which have been implicated as
echanotransducers in C. elegans. It has been previously shown
hat DEGT-1 and MEC-10 are necessary for mechanically induced
alcium transients in the nociceptive PVD neuron [46] . These two
roteins have been shown to co-localise in the synaptic puncta of
VD neurons. Furthermore, the loss of MEC-10 in PVD cells stops
he response to a mechanical stimulus in worms [46] . Although
VD neurons sense noxious mechanical forces applied to the body
f worms, ASH neurons are needed to sense nociceptive signals
t the nose. The DEG-1 protein is found in ASH neurons and is
eeded for most of the mechanically induced currents [109] . Muta-
ions to the pore domain of DEG-1 alter ion selectivity, suggesting
hat DEG-1 is the pore-forming subunit of the mechanically acti-
ated channels in these neuronal cells. These ﬁndings suggest that
he degenerin genes are well characterised mechanotransducers in
orms; however, it still unclear what the role of the orthologs of
hese genes are in both Drosophila and mammals. In mammals,
hile the acid sensing ion channel genes (ASIC1-3) are expressed
n dorsal root ganglia neurons, these genes do not contribute to
he mechanosensitivity of these cells [78] . However, using single-
bre recordings on an in vitro vagus-gastroesophageal preparation
r an in vitro colon preparation, a loss in mechanosensation has
een observed in knocked-out ASIC1a, 2 and 3 [49] . ASIC2-/-
ice have displayed elevated basal arterial pressure and heart
ates, suggesting impaired ability to regulate arterial function
191] . Furthermore, isolated nodose ganglia neurons from ASIC2-/-
ice showed a slight loss in mechanically induced depolarisation
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n  ompared to their wild-type cells [191] , implicating ASIC2 in
odulating mechanosensitivity in these cells. 
Another family of channels that is crucial in sensory functions
re the transient receptor potential (TRP) ion channels [73,312] .
everal of the TRP channels play an important role in cellular
alcium signalling and homeostasis. They can be activated by
echanical forces resulting from stretch or osmosis. To date,
here are about 33 animal genes encoding TRP channels, which
ave been classiﬁed into seven categories on sequence homology:
RPA, TRPC, TRPM, TRPML, TRPN, TRPP and TRPV [53] . Within
he TRPC subfamily, TRPC1 and TRPC6 channels are involved in
echanosensation. It was previously shown that TRPC1 channels
hich are expressed in the brain, heart, smooth muscles, endothe-
ium, salivary glands, liver, testis and ovaries are directly activated
y membrane stretching [312] . Furthermore, the heterologous
xpression of human TRPC1 in Xenopus oocytes has been shown
o increase the density of mechanosensitive channels and cation
urrent in patch-clamp experiments [196] . In Drosophila larvae,
he TRPN ortholog, NOMPC, has been shown to be expressed in
lass III dendritic neurons and to be necessary for the response
f the larvae to light touch stimuli [325] . In mammals, a TRPN
rtholog does not exist and the role of vertebrate TRP channels
n mechanotransduction still remains unknown. However, some
roups have reported that TRPA1 is involved in mediating mechan-
cally activated currents in a subset of dorsal root ganglia neurons
173,314] . Furthermore, pharmacological inhibition of TRPA1 has
een shown to induce elusive behavioural changes, implying that
RPA1 may play a role in noxious mechanosensitive dorsal root
anglia neurons [249,184] . Although the role of DEG and TRP chan-
els in mammalian mechanotransduction still remains unclear,
he identiﬁcation of new ion channel families, such as Piezo ion
hannel family, has been critical to further our understanding of
he role of mechanosensitive ions channels in mammals. 
In mammals, Piezos are expressed in a wide range of
echanosensitive cells and are found in abundance in the
ungs, kidneys and dorsal root ganglia neurons. Although the
xact topology of Piezo ion channel has not yet been determined,
he computational and biochemical assays imply that Piezo ion
hannels contain up to 38 transmembrane domains, suggesting
o date, that Piezos might be the largest identiﬁed ion channel
omplex [61,60] . Piezo1, a member of the Piezo family has been
dentiﬁed as the mechanically activated ion channel necessary for
embrane indentation and membrane stretch-induced currents
n the N2A neuroblastoma cell line [257] . Furthermore, Piezo1
s a non-selective cation channel that is blocked by chemical
gents such as gadolinium, ruthenium red and GsMTx4, a peptide
solated from tarantula venom, which is known to inhibit stretch-
ctivated channels [59,20,61] . Piezo2, another related mammalian
omolog, has previously been shown to be necessary for a subset
f mechanically activated currents in isolated dorsal root ganglia
eurons [196] . It was previously demonstrated that heterologous
xpression of mouse Piezo1 and 2 in addition to Drosophila Piezo
as enough to confer mechanically activated currents in naïve
ells [126] . In mice, Piezo1 and 2 channel conductances are about
9 pS and 24 pS, respectively, and when subjected to a constant
echanical stimulus, their currents decay within milliseconds from
he stimulation, most likely due to channel inactivation [322] . 
Another important mechanosensitive channel is the glutamate-
ctivated N-methyl-D-aspartate (NMDA) receptor, which is an
onotropic ligand-gated calcium/sodium channel that plays an
mportant role in synaptic plasticity [33] , neuronal excitotoxity
nd cognitive complications due to pain and age [63,271,319] .
MDA receptors consist of various NR1 and NR2 subunits [74] .
he secondary structure of NMDA predicts four transmembrane
nits (M1, M2, M3 and M4). The M2 domain forms a cytoplas-
ic loop that lines the channel pore and it is this region thatontrols voltage-dependent magnesium block [172] . Furthermore,
he NMDA receptor channel activity is modulated by arachidonic
cid [206] , which enhances calcium entry into the hippocampal
eurons after the addition of NMDA [263] . NMDA response can be
nhanced by the addition of arachidonic acid, membrane stretch,
embrane phospholipids and osmotic pressure [43] . Previous
tudies have reported enhanced NMDA receptor currents upon the
ddition of arachidonic acid in native patches from mammalian
entral neurons [206,43] . It is well recognised that changes in
ntracellular calcium can adversely affect traumatic and ischemic
njury in the central nervous system [311] . Interestingly, defor-
ation of the neuronal cell membrane evokes calcium transients
hrough the activation of synaptic NMDA receptor channels [107] .
n another study, it was demonstrated that arachidonic acid and
embrane induced stretch both alleviate magnesium block of
MDA receptor channels [161] . These ﬁndings suggest that there
xists a complex mechanism whereby mechanical stretch of the
euronal membrane alters voltage-dependent magnesium block 
nd triggers intracellular calcium entry through NMDA receptors. 
. Mechano-electrophysiological coupling in neuronal 
embrane 
The neuronal membrane and its associated ion channels con-
titute the very foundation of the mechanobiology of the brain.
hrough multiscale (from proteins to cells to tissue) and multi-
hysics (mechanical cues informed electrophysiology) integration, 
hey confer to the brain the ability to sense localised mechanical
ignals and either alter or create biochemical or electrophysio-
ogical responses to them. However, while multiphysics cascades
re commonly observed and studied in biology, they are also
raditionally reduced to exclusive causal relationships. In this
ection, we veer away from this traditional approach and revisit
he neuron, and in particular the membrane, as a mechano-
lectrophysiological system where multiple physical processes 
ccur concurrently and collaboratively, as opposed to sequentially
nd independently. To do so, the membrane needs to be consid-
red as a thermodynamic system whose physical properties are
aturally coupled. Following this paradigm, all non-pathological
oupled mechano-electrophysiological perturbations of the mem- 
rane are to be acknowledged as reversible alterations, after which
he membrane should naturally return to its equilibrium state.
rreversible alterations such as in traumatic brain injury (TBI) or
ny neurodegenerative disease, see Fig. 1 -f, are thus ignored here. 
In the following, the experimentally observed phenomenon of
embrane deformation during (de)polarisation is introduced in
ection 3.1 . The two general modelling approaches identiﬁed in
his review are then presented in Section 3.2 , from which the three
ost proposed explanations for the experimentally observed cou-
ling are derived: voltage-induced changes in membrane tension
 Section 3.2.1 ), direct and reverse ﬂexoelectricity ( Section 3.2.2 ),
nd thermodynamic wave theory ( Section 3.2.3 ). The outcome of
ollision of two APs, which is naturally related to the fundamental
ttributes of the APs and highly different between theories, is
nally discussed in Section 3.3 . 
.1. Experimental observation of membrane deformations during 
embrane polarisation 
The AP has traditionally been considered as a purely electrical
henomenon. However, in the past few decades, measurements
f the cell membrane deformation during APs have reported an
n-phase movement of the membrane surface accompanying the
ropagation of the electrophysiological pulse. Given the pervasive-
ess of mechanoelectrical mechanisms illustrated in the previous
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T  sections, it therefore becomes reasonable to ask whether such de-
formation may itself play a role in AP generation. In the following,
we brieﬂy summarise some of these experimental observations
along with their corresponding techniques. 
In a series of 1980s publications by Iwasa, Tasaki and coworkers
[147,290,291,146,289,292] making use of different measuring meth-
ods, APs have been reported to be accompanied by a small, rapid
upward displacement (swelling) of the nerve ﬁbre surface, concur-
rent with a rise in the pressure. The magnitudes of such upward
displacement and the pressure increase were observed to depend
on the type of nerve ﬁbres: about 0.5 nm and 1 dyne / cm 2 in squid
giant axons, 5–10 nm and 5 dyne / cm 2 in crab nerves, 10–20 nm
and 5 dyne / cm 2 in crustacean nerves. It was also observed that
cathodic and anodic polarisations result in mechanical changes of
opposite signs, and these mechanical deformations exist even if a
major portion of the endoplasm is removed from the axon without
suppressing the cell excitability. Furthermore, altering the tonicity
of the external medium had a large inﬂuence on the results.
Moreover, it was also found that this rapid mechanical change can
be suppressed by adding tetrodotoxin, thus conﬁrming the role of
voltage-gated sodium channels in the generation of the mechan-
ical transients. More advanced techniques such as non-contact
coherence tomography have been used by Christopher et al.
[54] and Akkin et al. [8,9] to the same end. The results conﬁrm
that transient mechanical changes are associated with APs and can
be altered under different environmental and physiological con-
ditions, such as change of temperature or ionic concentration but
also demonstrate that the magnitude of their measured membrane
displacements is in the nanometre range with sub-nanometre
accuracy [273] . The same technique has been used by Oh et al.
[234] to measure changes in cells’ membrane potentials, in turn
inducing cell deformation, reﬂected as changes in the optical
signals. Brownell et al. [39] measured cell membrane displacement
and electromechanical force generation using optically trapped
beads to detach the plasma membrane from the cytoskeleton and
to form long thin cylinders (tethers). In this approach, electrical
stimuli are delivered to the cell through whole-cell voltage clamp,
while membrane displacements and electromechanical forces
are quantiﬁed by measuring the beads’ displacements along the
tether axis using a quadrant photo-detector. It was observed that
hyperpolarising potentials increase (and depolarising potentials,
decrease) the force required to pull a tether. Both membrane dis-
placements and tether forces are functions of the holding potential
in response to sinusoidal voltage signals. 
AFM has also been widely used to measure membrane dis-
placement during AP generation and propagation. Mosbacher
et al. [219] recorded the membrane movement of voltage-clamped
HEK293 cells, both untransfected and transfected with Shaker K + 
channels. In both cases, these cells exhibit an outward move-
ment during depolarisation with magnitude of approximately 0.5–
15 nm normal to the plane of the membrane. However, untrans-
fected cells only seem to be weakly inﬂuenced by the holding
potentials, whereas the transfected cells are much more sensitive
to them, in which channel-speciﬁc movements also occur. Zhang
et al. [335] recorded the membrane movement of voltage-clamped
HEK293 cells in different ionic-strength solutions and observed
that a depolarisation ﬁeld can cause an outward membrane move-
ment in normal saline and an inward movement in the saline with
low ionic strength. The amplitude of the movement is proportional
to the voltage change in the ratio of about 1 nm per 100 mV. Fol-
lowing these studies, Kim et al. [155] observed changes in the
nerve terminal volume via AFM as nanometre scale movements of
the cantilever positioned on top of the posterior pituitary. The ob-
served membrane swelling is believed to be related to water move-
ment associated with the exchange of Na + and K + ions, although,
in other studies, it is reported that the membrane displacements about two orders of magnitude larger than the one measured
or the exchange of Na + and K + [273] . On the other hand, the
lower recovery of the mechanical response is considered to be
ependent on Ca 2+ entry as well as on the intraterminal Ca 2+ 
ransients. The duration of the spike of this transient mechanical
esponse is also found to be shorter than that of the AP. Most re-
ently, the AFM was used by Gonzalez-Perez et al. [114] to record
xonal thickness changes in single giant axons of lobster nerves
uring AP propagation. It was found that the membrane changes
re of the order of 0.2–1.2 nm and last approximately 2–4 ms. Gil
t al. [110] investigated the mechanosensitive channels activated by
embrane deformation in cultured rat hippocampal neurons and
bserved that prolonged depolarisation of a membrane patch in
orosilicate pipettes results in delayed slow displacement of the
embrane into the pipette, with a magnitude of about 1 μm for
ach prolonged depolarisation. However, the displacement is de-
ayed by a duration ranging from tens of milliseconds to several
econds, and is found to be correlated in time with the activation
f mechanosensitive channels. In addition, Nguyen et al. [230] used
iezoelectric PbZr x dTi 1 −x O 3 nanoribbons to measure the mechan-
cal deformations of neuronal cells in response to electrical excita-
ions. In this study it is reported that cells deﬂect by approximately
 nm under a 120 mV voltage ﬁeld applied to the cell membrane.
ang et al. recently imaged a transient sub-nanometer (0.2–0.4 nm)
embrane motion accompanying the AP in single mammalian
eurons (HEK293T cells) with a label-free optical imaging method
327] . Finally, it is worth mentioning that, during the measurement
f membrane bulging, marked longitudinal shrinkage of the nerves
as also been observed simultaneously to radial swelling [292] . 
.2. Models 
Among the current attempts to model the experimentally
bserved electro-mechanical coupling in the neuronal membrane,
wo paradigms are currently proposed. 
The ﬁrst one aims at itemising the different physics involved
n the experimental observations, and links them by physical
aws (e.g., voltage-induced changes in membrane tension, see
ection 3.2.1 ). These models tend to be phenomenological in
ature and essentially aim at capturing speciﬁcally a phenomenon
f interest. El Hady and Machta [124] proposed a numerical model
n which the co-propagating mechanical displacements (termed as
action waves’) emerge from the surface waves due to the varying
ompressive electrostatic forces across the membrane, induced by
he travelling wave of the electrical depolarisation. Their simula-
ion results show a good agreement with a range of experimental
esults on the magnitude of the membrane displacement and the
ave speed. Interestingly, they concluded that many properties of
he co-moving mechanical wave are determined by comparison of
ts own propagation velocity and the velocity of the electrical pulse
t relevant wavelengths. In a series of publications, Engelbrecht
t al. [87,84,85] extensively studied the electromechanical coupling
f waves in nerve ﬁbres. In their model, the AP is modelled
s an electrical pulse and is assumed to trigger all other pro-
esses. It is modelled using a modiﬁed FitzHugh-Nagumo model
93,227] which additionally incorporates ‘mechanical activation’
arameters that describe the mechanosensitivity of the ion chan-
els. The AP is coupled to the mechanical waves which include
oth longitudinal and transverse waves in the membrane, as well
s the pressure wave in the axoplasm. The longitudinal wave is
odelled using the improved nonlinear soliton model, whereas the
ransverse wave is linked to the longitudinal wave via the theory
f rods. The pressure wave in the axoplasm is modelled using a
odel of pressure waves in an elastic cylindrical tube with added
iscous damping term described by a 1D Navier-Stokes equation.
he coupling effect is achieved via several coupling forces added
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t  nto the governing equations. These coupling forces depend on the
patial and temporal changes of voltage. Most recently, Chen et al.
50] proposed a coupled mechano-electrophysiological membrane
nite element model for neuronal axons. In this model, the axon
s modelled as an axisymmetric thin-wall cylindrical tube. The
lassic H-H equations are used to model the membrane electro-
hysiology for the nodes of Ranvier and unmyelinated axons, and
able theory is used to model the signal conduction in the myeli-
ated internodal regions. The axonal mechanics is modelled using
eam theory for a viscoelastic material in a dynamic framework.
embrane potential changes induce a strain gradient ﬁeld via the
everse ﬂexoelectric effect, whereas mechanical pulses result in an
lectrical self-polarisation ﬁeld following the direct ﬂexoelectric
ffect, in turn inﬂuencing the membrane potential (the direct
nd reverse ﬂexoelectric effects are introduced in Section 3.2.2 ).
embrane deformation also alters the membrane electrical prop-
rties through the change of the modelling parameters in the
-H model. These three effects serve as the fundamental coupling
echanisms between the electrophysiological and mechanical
ulses in the model. With this model, a series of numerical studies
ere systematically conducted to investigate the consequences of
nteraction between the electrophysiological and mechanical waves
n both myelinated and unmyelinated axons. Results illustrate that
he AP is always accompanied by an in-phase propagating mem-
rane displacement of ≈ 1 nm, whereas mechanical pulses with
nough magnitude and/or frequency can also trigger APs due to
he ﬂexoelectric effect [50] . 
All these models are generally driven by the physics of interest
or a given application, and hence particularly suitable for tissue
pscaling for potential clinical applications, see Sections 4 and
 . However, they suffer from a lack of generalisation. Thermody-
amic frameworks considering the different physics as intertwined
nergy contributing paradigms aim at bridging this gap. In such
pproach, the state of the system of interest, e.g., the membrane,
s characterised by its enthalpy and the different conformations (or
tates) it can take, i.e., its entropy. These approaches can be derived
rom ﬁrst principles, and present the advantage to capture a phe-
omenon such as AP as a simple thermodynamic wave intrinsically
ccounting for mechanics, electrophysiology, pH, etc. Upscaling
uch concepts to a workable tissue scale while conserving their
hermodynamic nature is however not direct and requires a phe-
omenological description. These models are also often criticised
or being ‘biology-agnostic’, a feature that is an advantage in the
ontext of generalisation, but undesirable in the context of speciﬁc
pplications. The most iconic of these models has been introduced
y Heimburg and coworkers and considers the AP as a nonlinear
nd dispersive solitary wave very much resembling sound waves
133,134,13,174] . Details of this model will be introduced at length
n Section 3.2.3 . Drapaca [77] also recently proposed a coupled
lectromechanical model of a neuron based on a uniﬁed variational
rinciple. In this model, the neuron is modelled as a linear vis-
oelastic Kelvin-Voigt solid whose electro-chemical activity is de-
cribed by the classic H-H equations. The neuron electrodynamics
s described by a coupled system of differential equations, which
s obtained by minimising a special integral functional whose inte-
rand is made of the kinetic and potential energies as well as the
ork done by the forces acting on the neuron. Membrane capac-
tance is also linked to the mechanical deformation of the neuron.
urthermore, the elastic modulus is assumed to depend on the gat-
ng variables in the H-H model. Finally, the AP is simulated by ap-
lying a constant external electric current and an initial displace-
ent and velocity of the membrane. Remarkably, it is observed
hat the neuron stiffens during depolarisation which is claimed to
e in good agreement with experimental measurements. Finally,
chneider and corworkers recently proposed another model with
trong thermodynamic foundations, see Section 3.2.3 [226,225,91] . In summary, AP accompanying membrane deformations appear
o occur in a wide variety of excitable cells and tissues includ-
ng both invertebrate and vertebrate nerve ﬁbres [273] , and are
ffected by different environmental conditions such as the ionic
oncentration. This a priori conﬂicts with, or at the very least
omplements, the traditional understanding of APs as a purely
lectrical phenomenon. Two leading frameworks have approached
his duality: the ﬁrst one, by explicitly deﬁning the physics in-
olved and linking them through established laws, and the second
ne, by overcoming the need to quantify all physical alterations
nd instead viewing the phenomenon as a thermodynamic system
here enthalpy and entropy exchanges occur between different
tates and physics. In the following, and driven by two clinical ap-
lications of interest, we avoid discussing the conﬂicting philoso-
hies behind the different approaches and focus (irrespectively of
he ‘school’ they belong to) on the three leading coupling models. 
.2.1. Voltage-induced changes in membrane tension 
It has been suggested that membrane displacement during
olarisation occurs as a result of the cell attempting to alter its
adii so as to maintain constant pressure across the membrane
335,187,230] , see Fig. 1 -e. The pressure difference p sustained
cross the cell membrane to maintain mechanical equilibrium can
e evaluated using the Young–Laplace equation: 
p = −γ∇ ·̂ n = 2 γH = γ( 1 
R 1 
+ 1 
R 2 
)
(1) 
here γ is the surface tension, ∇ is the surface divergence (i.e.,
 = ∇ −̂ n( ̂  n · ∇) where ̂  n is the unit normal pointing away from
he cell), H is the mean curvature, and R 1 and R 2 are the principal
adii of curvature. When membrane polarisation is induced by an
pplied external voltage ﬁeld, it is hypothesised that it may change
he surface tension of the membrane. The surface tension is de-
ned as the Gibbs free energy required to maintain a certain sur-
ace area, and therefore contains both chemical and electrical con-
ributions. The chemical contribution is the natural surface tension
f membrane interface in the absence of electric ﬁeld, whereas the
lectrical contribution comes from the electrical energy stored in
he membrane (due to membrane capacitance) during polarisation
nduced by the applied voltage ﬁeld. This has been observed to
esemble the phenomenon of electrowetting, and therefore can be
odelled using the Young-Lippmann equation [221] : 
= γ 0 − CV 
2 
2 
(2) 
here γ is the total surface tension (including both chemical and
lectrical contributions), γ 0 is the surface tension at zero electric
eld, C is the capacitance of the membrane and V is the surface
otential at the interface. Here the concept of electrowetting
an be extended to understand the phenomenon of membrane
isplacement during membrane polarisation. When the membrane
s polarised, the change of membrane potential modulates the
urface tension of the deformable cell membrane in contact with
ntracellular and extracellular ﬂuids according to Eq. (2) . Based on
q. (1) , in order to maintain a constant pressure across the mem-
rane, differences in surface tensions between the intracellular and
xtracellular interfaces induce changes in membrane curvature, in
urn leading to membrane displacement. Consequently, changes in
embrane potential result in an alteration of cell radii to maintain
echanical equilibrium across the membrane [221] . 
.2.2. Direct and reverse ﬂexoelectricity 
Another proposed mechanism is biological ﬂexoelectricity, 
hich includes both direct and reverse ﬂexoelectricity. Direct
exoelectricity is a property normally observed in dielectric ma-
erials (e.g., liquid crystals), and refers to a spontaneous electric
124 A. Jerusalem, Z. Al-Rekabi and H. Chen et al. / Acta Biomaterialia 97 (2019) 116–140 
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p  polarisation induced by an applied mechanical strain gradient
[40] . The reverse ﬂexoelectric effect refers to a strain gradient
(usually in the form of bending) induced by a substantial external
electric ﬁeld applied across the dielectric material [127,171] . This
concept differs from the well-known piezoelectric effect in that
piezoelectricity only occurs in non-centrosymmetric crystalline
materials under a uniform mechanical strain, whereas all dielec-
tric materials (even in otherwise centrosymmetric crystals) can
exhibit ﬂexoelectricity under a non-uniform strain ﬁeld (i.e., strain
gradient) [148,166,5,231] . 
In lipid bilayers and cell membranes, the phospholipid
molecules, which arrange themselves into two sheets, are charged
and possess dipole moments on their surfaces. This ﬂuid-like
membrane can undergo a variety of mechanical deformations such
as bending and thickness changes which alter its surface curvature,
resulting in a redistribution of the dipoles and the development
of a surface polarisation [245] , i.e., the direct ﬂexoelectric effect
[5,72] , see Fig. 1 -e. Flexoelectricity is found to play a signiﬁcant
role in a number of biological functions, such as ion channels,
thermal ﬂuctuation, vesicle equilibrium, and particularly in hearing
[166,71,190,103,335,243,299] . In fact, several experimental observa-
tions and theoretical hypotheses have used the transformation of
acoustic vibration into sensible electrical APs by the stereocilia in
inner hair cells (which are the primary sensory receptors in the
mammalians’ ears) as a paradigm for the biological ﬂexoelectric
effect [258,36,166,281,35,1] . In neurons, both the direct and reverse
ﬂexoelectric effects have been suggested to be closely related to
membrane polarisation during AP propagation [243,247] . In the
cell membrane, it is hypothesised that conformational changes of
proteins by adenosine triphosphate and ions induce curvature in
the neighbouring membrane. The presence of an external electric
ﬁeld (such as changes of the local ionic concentration gradients)
may further impose bending moments on the membrane due
to the reverse ﬂexoelectric effect. Alteration of the membrane
curvature in turn exerts mechanical forces on the boundaries of
ion channels, potentially altering their dynamics or, in the case of
mechanosensitive ion channels, further promoting their activation.
It may also change the local electric polarisation ﬁeld due to
the direct ﬂexoelectric effect, which also has an inﬂuence on the
external electric ﬁeld. As a result, this bi-directional action results
in the membrane depolarisation that drives the ionic ﬂux through
the ion channels [243,247,5] , accompanied by polarisation-induced
membrane deformation [231] . 
Different experimental and numerical models have been pro-
posed to quantify the direct and reverse ﬂexoelectric effects,
from simple phenomenological approaches based on empirical
equations to more elaborate physically based analyses. For the
direct ﬂexoelectric effect, Petrov and Sokolov [248] proposed
that, for a time-dependent oscillating black lipid membrane, an
oscillatory change in the mean membrane curvature c m (deﬁned
as the average between the two principal curvatures) induces an
oscillating local displacement current I(t) due to the ﬂexoelectric
polarisation, following: 
I(t) = 2 f D S 
d 
ω c m cos ω t = 2 f D C 
εε 0 
ω c m cos ω t (3)
where f D is the direct ﬂexoelectric coeﬃcient, S is the membrane
area, d is the membrane thickness, ω is the angular frequency
of the oscillation, C is the membrane capacitance, ε is the mean
relative static permittivity and ε 0 is the vacuum permittivity.
Values of f D have been measured in some studies. For example,
Petrov measured f D = 2 . 5 × 10 −18 C for excitable locust muscle
membrane [244] and f D = 6 . 2 − 8 . 9 × 10 −21 C for non-excitable
astrocyte membrane of rats [246] . As for the reverse ﬂexoelectric
effect, Todorov et al. [300] proposed that the mean membrane cur-
vature c m is associated with the average transmembrane electriceld E through the following phenomenological relationship: 
 m = f R 
2 K 
E (4)
here K is the membrane bending modulus and f R is the reverse
exoelectric coeﬃcient. Studies such as the ones conducted by
osbacher et al. [219] and Zhang et al. [335] witnessed the reverse
exoelectric effect under whole-cell voltage clamp environment. A
alue of f R of about 10 
−19 C can be inferred from their experi-
ent data for non-excitable human embryonic kidney cells [273] .
n addition, Rey [260] developed a formulation of an isotropic
nterfacial liquid crystal ﬂexoelectric membrane under different
oading conditions (tension, bending, torsion and pressure), and
erived a membrane electromechanical shape equation that con-
ects ﬂuid forces with membrane curvature and electric displace-
ent. It is shown that ﬂexoelectricity renormalises the membrane
echanical tension, shear, and bending effects, and hence offers
iverse pathways to manipulate the membrane’s shape. This model
as further extended by Rey et al. [261] to include a mechanical
nergy harvesting system consisting of a deformable soft ﬂexoelec-
ric thin membrane subjected to harmonic forces from a contacting
ulk ﬂuid, as well as by Herrera-Valencia and Rey [138] to model
he actuation of ﬂexoelectric membranes of human hair cells in
iscoelastic ﬂuids. Gao et al. [103] developed an electromechanical
iquid crystal model for characterising the mechanical equilibrium
orphology of an axisymmetric lipid vesicle in a uniform elec-
ric ﬁeld. In this formulation, a general equation is established
overning the vesicle shape based on the Helmholtz free energy,
hich incorporates the effects of elastic bending, osmotic pres-
ure, surface tension, Maxwell pressure, as well as ﬂexoelectric
nd dielectric properties of the lipid membrane. Breneman et al.
35] proposed a ﬂexoelectric model for stereocilia of the hair cells
ncorporating stereocilia dimensions, a ﬂexoelectric coeﬃcient of
ipid membranes, mechanical compliance as well as ﬂuid dragging
orce. Governing equations of this model include the electrical
able equation and the mechanical wave equation in which ﬂex-
electric current and ﬂexoelectric axial stress were, respectively,
ncluded. These terms are computed using the ﬂexoelectric-
iezoelectric equivalence condition for isochoric axisymmetric de-
ormations, which is derived by equating the ﬂexoelectric and axial
iezoelectric electro-mechanical potential energies. Mohammadi
t al. [210] proposed a theory for ﬂexoelectric membranes based
n minimisation of the total free energy as the sum of the internal
nd electric energies both of which are functions of out-of-plane
isplacement and out-of-plane polarisation. In this model a hetero-
eneous ﬂexoelectric membrane is considered. The homogenised
r renormalised ﬂexoelectric, dielectric, and elastic response of the
embrane is derived and the corresponding effective electrome-
hanical properties are related to its microstructural description.
his model was adopted by Ahmadpoor et al. [4] to show that the
nterplay between the deformation geometrical nonlinearity and
istributions of external charges and dipoles lead to the renormal-
sation of the membrane’s native ﬂexoelectric response, and was
urther extended by Deng et al. [71] to model ﬂexoelectricity in
oft materials. Most recently, Kancharala et al. [152] developed a
exoelectric model coupled with a nonlinear ﬁnite element model
o study the dynamic mechano-electrical response of droplets
nder excitation. This electrostatic model captures the internal
istribution of charge within a droplet, leading to a dipole and
urface potential. The membrane permittivity transits from low
evel in the bilayer region to high level in the aqueous phase. Fixed
harges on the lipid biomolecules are approximated through nor-
al distributions as two closely-situated zwitterionic charges in
he head group, and two larger charges in the hydrocarbon tails as-
ociated with the dipole potential. This results in the electrostatic
otential proﬁle containing a dipole and surface potential within
A. Jerusalem, Z. Al-Rekabi and H. Chen et al. / Acta Biomaterialia 97 (2019) 116–140 125 
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‘  he membrane interior. The bilayer curvatures updated from the
nite element model are fed into the ﬂexoelectric model, redis-
ributing the charges. The charge required to maintain the given
oundary potential is then used to calculate the mechano-electrical
urrent. Leveraging both direct and reverse ﬂexoelectric effects,
he recent model of Chen et al. [50] discussed earlier demon-
trates that mechanical vibrations, such as the ones arising from
ltrasound stimulations, can either annihilate or enhance axonal
lectrophysiology depending on their respective directionality and
requency. It also shows that higher frequencies can also enhance
ignal propagation concurrently to the amplitude of the signal. 
In summary, the direct and reverse ﬂexoelectricity effects are
ommonly observed phenomena in biological systems. It may be
 promising mechanism to explain many phenomena related to
lectro-mechanical coupling, such as cell membrane movement
uring AP propagation in neurons, as discussed in Section 3.1 . At
he end of this section, we suggest readers who are interested
n a deeper understanding of ﬂexoelectricity to refer to Zubko
t al. [336] , Krichen and Sharma [166] for more detailed reviews
f ﬂexoelectricity in general solids and to Petrov [245] , Nguyen
t al. [231] , Deng et al. [71] , Ahmadpoor and Sharma [5] for
exoelectricity in biology. 
.2.3. The thermodynamic model of AP 
In 2005, Heimburg and Jackson [133,134] proposed a thermo-
ynamic theory of nerve pulse propagation in which the AP is a
ocalised multiphysics density pulse. This pulse manifests itself,
mong other physics alterations (e.g., pH, phase, etc.), as a me-
hanical pulse that maintains its shape with no attenuation while
ropagating at a constant velocity [57] : a soliton. Two conditions
re necessary for the existence of a soliton in neurons: the pulse
peed varies according to the frequency as well as through a
onlinear function of the pulse amplitude due to the increase in
ompressibility as a result of membrane lateral compression [273] ,
ee Fig. 1 -e. These two necessary conditions enable the pulse
o propagate along the axon. It is suggested in this theory that
ell membranes always have a temperature melting point above
hich the membrane consistency changes from solid phase to
iquid phase, and the temperature of melting point is only slightly
elow the organism’s body temperature. Phase transition of the
ipids is the key property that fulﬁls the two necessary conditions
or the existence of a soliton. It is linked to changes in enthalpy,
ntropy, as well as to changes in volume, area, and thickness.
he implication of this is that the state of the membrane can be
nﬂuenced not only by temperature but also by hydrostatic pres-
ure and lateral pressure in the membrane plane [16] . Heimburg
nd Jackson [133] showed that the features of lipid membranes
lightly above a transition are suﬃcient to allow the propagation
f mechanical solitons along the membrane of axons. Thermody-
amically, the soliton model describes the AP propagation as an
diabatic process, in which the energy provided at the source of
xcitation is carried adiabatically through the plasma membrane:
 result of the reversible release of heat. The measurement of
 temperature pulse and the absence of net heat release during
n AP are some of the experimental supporting evidences of the
oliton model that nerve impulses are adiabatic sound waves. 
Mathematically, a soliton can be expressed in terms of change
n lateral density of the membrane ρ = ρ − ρ f , where ρ is the
ateral density of the membrane and ρ f is the lateral density of
he membrane in the ﬂuid phase, as: 
∂ 2 ρ
∂t 2 
= ∂ 
∂x 
(
c 2 
∂ρ
∂x 
)
− h ∂ 
4 ρ
∂x 4 
(5) 
hich originates from the Euler equations of compressible media.
n this equation, t is the time and x is the position along the
erve axon, c is the velocity of sound in the medium and h is parameter describing the frequency dependence of the speed
f sound, i.e., the term −h ∂ 4 ρ
∂x 4 
in the equation is responsible
or the wave dispersion. In order to obtain a more physically
onsistent dispersion, Engelbrecht et al. [86,88] proposed an addi-
ional fourth-order mixed derivative term h 2 
∂ 4 ρ
∂ x 2 ∂ t 2 
responsible for
nertial effects. The velocity of sound c is a nonlinear function of
he area density difference ρ up to terms of quadratic order: 
 
2 = c 2 0 + pρ + q ( ρ) 2 (6) 
ith c 0 being the speed of sound in the ﬂuid phase just above the
hase transition, and p and q describing the dependence of sound
elocity on density close to the melting transition, and ﬁtted to
xperimental data by Heimburg and Jackson [133] . Eqs. (5) and
6) are assumed to be valid only when the membrane is close to
hase transition and within the phase transition range [273] . The
esearchers report that the solutions of these equations possess a
imiting maximum amplitude and a minimum propagation veloc-
ty that is similar to the pulse velocity in myelinated nerves. The
ravelling soliton locally changes the density and thickness of the
embrane, and since the membrane contains many charged and
olar molecules, this results in an electrical effect, which is akin
o piezoelectricity. This is the mechanism through which electrical
urrents are associated with APs in the soliton theory. 
The concept of thermodynamic wave has since been exploited
y other groups. Poznanski et al. [254] presented a model of
olitonic conduction in neuronal branchlets with polarised mi-
rostructure. In this model, a nonlinear cable equation is obtained
nd solved using a direct method to obtain analytical approxi-
ations of travelling wave solutions. Unlike the soliton model
f Heimburg and Jackson [133,134] in which the overarching
riving pulse is a thermodynamic wave, Poznanski et al. [254] still
onsider the AP driven by an electrical pulse but with solitonic
roperties. Simulation results of this model illustrate that a linear
uperposition of two oppositely directed travelling waves demon-
trate solitonic interactions: colliding waves can penetrate through
ach other, and continue fully intact. 
Finally, Mussel and Schneider developed a coupled multi-
hysics model of an idealised description of a lipid interface near
hase transition separating two regions of bulk ﬂuid, considering
nterfacial electrical and chemical aspects, in addition to its me-
hanical properties [226,225] . Their model gathers ﬂuid mechanics,
axwell’s theory of electrodynamics and the phenomenological
an der Waals constitutive equation within a thermodynamic
ramework. The dynamics of the interface is governed by con-
ervation laws including conservations of mass, momentum and
nergy. It is treated as a continuum of local thermodynamic states,
n which each inﬁnitesimal point is associated with equilibrium
hermodynamic quantities (e.g., temperature and pressure). The
nergy equation is derived under the assumption that the total
ntropy of the system is conserved. With this model, the propaga-
ion of electrical and pH changes are inseparable from the density,
ressure and temperature natures of the acoustic pulses in lipids.
n particular, pulses within a medium near a phase transition
how similarities to APs not only in qualitative shape and scales
time, velocity and voltage), but also in terms of saturation of
mplitude and annihilation upon collision. This concept is further
eveloped in the latest research of Fillafer et al. [91] , where
t is proposed that the origin of nonlinear cellular excitability
ctually arises from a transition of the 2D membrane interface.
n this study, ranges of three parameters including temperature,
ressure and pH were predicted, within which a transition of
he membrane was identiﬁed and corresponding phase diagrams
ere proposed. These results are used to explain the changes
f AP velocity with temperature, pressure and pH, the existence
nd origin of two forms of loss of nonlinear excitability including
nerve blockage’ and anaesthesia, as well as the stimulation of APs
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o  by alteration of these parameters (such as cooling, acidiﬁcation
and pressurisation). It is concluded that it is the thermodynamic
properties of the quasi 2D membrane interface which controls the
excitability of living systems, rather any speciﬁc molecules. 
Since both general and local anaesthetics are known to cause
depression of the freezing point of transitions in biomembranes,
the thermodynamic model of AP also implies an action mecha-
nism for anaesthesia [134,135,116] . It also accounts for the pressure
reversal effect of anaesthesia and offers an explanation on how
inﬂammation and the addition of divalent cations can reduce
the effectiveness of anaesthesia. More details on the mechanical
aspects of general anaesthetics are available in Section 5 . 
3.3. The subject of discord: Collision of two action potentials 
In the literature, several experimental studies have been con-
ducted in various nerve ﬁbres/cells to examine whether annihila-
tion can occur or not upon collision of two APs [143,142,14,94,90] .
It has been frequently witnessed that colliding APs are recipro-
cally annihilated instead of penetrating each other. However, one
exception is a series of studies conducted by Gonzalez-Perez et al.
[113,114] , where it is observed that two simultaneously generated
pulses propagating in orthodromic and antidromic directions in
the giant axons of both earthworms and lobsters pass through
rather than annihilate each other. The accompanying numerical
simulation results illustrated in these studies also support the
experimental observations. Nevertheless, in one comment to the
original paper [27] , the experiment was repeated but the results
on AP penetration could not be reproduced and annihilation upon
collision was consistently observed. In the following reply to this
comment [318] , it was argued that the signals had been strongly
perturbed due to the signiﬁcantly different experiment conﬁgu-
ration in the study of Berg et al. [27] . In the study of Chen et al.
[50] , simulation results showed that when two electrical pulses
from opposite directions meet and collide, they annihilate each
other regardless of whether these electrical pulses are initiated
by electrical stimuli or triggered by mechanical pulses whose
amplitudes are above the ‘activation threshold’. Their simulation
results are consistent with most of the experimental observations
on nerve pulse collision in the literature. The fundamental reason
for the discrepancy between the numerical simulation results of
Chen et al. [50] and Gonzalez-Perez et al. [113,114] is speciﬁcally
attributed to the mathematical model of APs that is adopted
in the numerical model. In the former study where two APs
annihilate each other, the electrical pulse is modelled using the
H-H equations. Due to the concept of refractory period in the
H-H model, the ion channels are relaxed and therefore, cannot
be activated again within a short time. Therefore, when two
electrical pulses collide, they both enter each other’s refractory
period; hence they mutually annihilate. In the latter two studies,
nevertheless, an AP is modelled as a sound-like mechanical wave
based on the thermodynamic theory as introduced in Section 3.2.3 .
Therefore, due to the nature of mechanical waves, no annihilation
of colliding pulses can be predicted in these studies. However,
most recently, Shrivastava et al. [277] observed the annihilation of
two super-threshold interfacial mechanical pulses upon head-on
collision in a lipid monolayer. The signiﬁcant discrepancy between
the prediction of theoretical analysis of the thermodynamic model
and the experimental observations of mechanical pulse collision
was attributed to the result of nonlinear material properties (such
as nonlinear viscosity resulting from relaxation of phase change)
as well as the internal heat transfer in the colliding pulses. Con-
sequently, it can be inferred that a deﬁnitive understanding of the
process behind the collision of AP pulses could lead to the deﬁni-
tive identiﬁcation of their nature. If APs are assumed to be merely
electrophysiological in nature due to the ion channel dynamics,hereas the associated mechanical wave corresponding to the
embrane displacement is a consequence of this electrical phe-
omenon due to, e.g., ﬂexoelectricity, then the simulation results
f wave annihilation upon collision should be expected upon colli-
ion. To unveil the real nature of APs, experimental measurements
f mechanical pulses and their interactions in the lipid bilayers of
ell/nerve membranes (if technology permits) are urgently needed.
It is ﬁnally worth noting that the model proposed by Chen
t al. [50] might reconcile both observations. While the electrical
omponent of the pulse is subject to a refractory period (in the
resence of activated ion channels), an annihilation of the electri-
al signals is expected. However, the mechanical pulses can pass
ach other, and, once outside the refractory period of each other,
re free to ‘retrigger’ other electrical waves. This essentially points
owards a short term localised annihilation with the possibility
f reappearance of these electrical waves on both sides later on
as long as the membrane viscosity does not damp too much the
echanical waves to the threshold below which triggering does
ot occur). 
. Ultrasound and the membrane 
The electrophysiological-mechanical coupling principles set out
bove imply that a membrane displacement of some particular
haracteristics can induce a local electrophysiological response in
n excitable cell. This can enhance or decrease the probability of
P occurrence, and even evoke APs directly, a process referred
o as neuromodulation. In other words, a mechanical input can
odulate neural activity. 
For over a century, the most direct manipulation of neural ac-
ivity has been achieved through intracranial electrical stimulation.
his approach is commonly employed in animal models as mi-
rostimulation and in human patients in the context of deep brain
timulation [168,167] . In recent years, there has been extensive
rogress in the ﬁeld of neuromodulation, which was in part made
ossible by the availability of new optogenetic and chemogenetic
ools [284,102,330] . All of these approaches are invasive: they
equire the surgical opening of the skull and the insertion of
lectrodes or the transfection with viral agents. As such, they are
ostly conﬁned to research in animal models and have limited
ranslation to therapeutic tools in humans. To address the need
or non-invasive neuromodulation techniques in humans, two
pproaches have seen wide adoption: transcranial magnetic stimu-
ation (TMS) and transcranial current stimulation (TCS) [30,67,251] .
hile being non-invasive and generally safe, these techniques
re constrained by the limited depth and relatively poor spatial
peciﬁcity of stimulation. For example, using TMS or TCS, it is not
traightforward to stimulate a region more than a few centimetres
elow the skull without considerable undesirable side-effects. 
An emerging brain stimulation technique, transcranial ul-
rasound stimulation (TUS), might offer many advantages over
xisting approaches [308] . Ultrasound is a mechanical wave of
requencies above human hearing detection levels ( > 20 kHz).
t has historically been widely applied in medical imaging and,
n this context, has been proven an exceptionally safe technique
hen used at low power. At higher power, ultrasound is also used
or therapeutic applications such as lithotripsy and physiotherapy,
ut also in neurosurgery and oncology [131,189,62] . High intensity
ocused ultrasound (HIFU) can be used to make focal ablations
ithout opening the body, for example for treatment of essential
remor [82,189] or chronic pain [310] . 
Critically, the interaction of the acoustic wave with biologi-
al tissue at the cellular level has not been thoroughly studied.
ow-intensity TUS can be delivered non-invasively through the
kull [305] , while achieving a spatial resolution in the order
f 1–10 mm [200,262] (well below the size of human cortical
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i  rain areas [111] ), and reach virtually any region in the brain,
ncluding deep structures such as the amygdala, thalamus, and
ingulate cortex [95,180] . Most TUS protocols are geared to induce
hort-lived neuromodulatory effects, but, recently, ultrasound
rotocols have been developed that induce longer-lasting plastic
hanges [66,313] . As such, ultrasound neurostimulation holds great
otential as a safe non-invasive brain stimulation approach for
asic human neuroscience research and as a clinical intervention
ool for psychiatric and neurological disorders. 
Here, we discuss the mechanisms of ultrasound delivered at
ow-intensities, within the physiological range of the tissue, to
timulate the brain non-invasively through the skull using TUS.
his technique is also known under other names and acronyms;
ome emphasise the focussing of the acoustic wave (e.g., transcra-
ial focussed ultrasound stimulation: tFUS, focussed ultrasound:
US), its neuromodulatory effect (e.g., focussed ultrasound neu-
omodulation: FUN), or characteristics of the protocol (e.g., low-
ntensity [low-frequency] [focussed] ultrasound [pulsation]: LILFU,
IFU, LIFUP). Despite this breadth in naming conventions, nearly
ll TUS protocols deliver the low-intensity and low-frequency
ltrasonic wave (e.g., at 500 kHz) in a pulsed fashion (e.g., at
 kHz). These pulses, in turn, are often grouped in bursts (e.g.,
asting 100 ms). The ultrasound-induced mechano-physiological
nteractions can take place at all those different timescales, from
he microsecond to hundreds of milliseconds range [309] . At the
hortest timescale, the acoustic wave itself displaces the tissue in
he nanometer range. At the millisecond timescale, the acoustic
ave interacts with the biological tissue and transfers energy. This
s experienced as an acoustic radiation force which can lead to a
echanical wave interaction in the tissue [65] . This radiation force
an displace tissue elastically in the micrometer range and acts for
s long as the ultrasound is delivered, for example pulsed at 1 kHz
or the duration of the 100 ms burst [104] . While the direct effects
f ultrasound are expected to stop after the stimulation has ended
nd the neurons and tissue have returned to their baseline state,
ustained or repeated stimulation might lead to plastic effects in
euronal excitability and synaptic strength outlasting stimulation
158,66,331,313] . Such longer-lasting plasticity induced effects are
he primary target for development of therapeutic TUS protocols
66] . The neuromodulatory effect of TUS has proven to be highly
ependent on the stimulation parameters and on the tissue under
tudy [222] . Speciﬁc ultrasound protocols can be used to suppress
ngoing brain activity [181] , or evoke brain potentials de novo
n the absence of external stimuli [178] . As such, ultrasound
euromodulation can have both inhibitory and facilitatory effects
n neural activity. 
In the following, we present the most commonly hypothesised
echanisms behind ultrasound neuromodulation. We focus on the
echanisms underlying TUS when delivered at conventional low
ntensities, but also discuss the mechanisms at play at slightly
levated intensities relevant for neuromodulation, as driven by
on-destructive thermal and cavitation effects. 
.1. Ultrasonic neuromodulation mechanisms 
Ultrasound is an exceptionally well-studied biomedical tech-
ique, especially in the context of ultrasound imaging. From the
iterature, two important bioeffects have emerged: (1) thermal
ise, and (2) cavitation. Indeed, both these bioeffects are important
n safety assessment of ultrasound imaging and are exploited
n high-intensity therapeutic ultrasound stimulation [122] . As
uch, historically, these bioeffects have also been regarded as
rimary candidates to also explain the neuromodulation effects
bserved during low-intensity FUS. However, recent empirical,
imulation, and systematic review studies provide evidence that
hese mechanisms are exceedingly unlikely to be causing all ob-erved neuromodulation effects [56,308] . This calls for an urgent
nd new understanding of the mechanisms underlying ultrasonic
odulation of neuronal activity. 
An acoustic wave can interact with the neuronal membrane via
ifferent mechanisms, all of which modifying the membrane state.
ore generally, an input of energy (of any kind) to the lipid mem-
rane induces a local perturbation that can be transduced into
ocalised transient altered states, in turn propagating along the
embrane, as structures quickly return to their minimum energy
tate, i.e., the most stable one. The membrane thus changes its
echanical properties in response to an ultrasonic wave. Here, we
rst recognise four distinct mechanisms of electrophysiological-
echanical coupling through which ultrasound can tune neural
ctivity: membrane conformational state, thermodynamic mem- 
rane waves, direct ﬂexoelectricity and (mechanosensitive) ion
hannels. We then discuss four additional mechanisms that have
een proposed in the literature. Two of those are most relevant for
ltrasound delivered at higher intensities or after injecting micro-
ubble agents: thermal modulation and sonoporation, while, for
he last two, the evidence has not yet fully matured: microtubuli
esonance and synaptic vesicle modulation. 
.1.1. Membrane conformational state 
The interaction of ultrasound acoustic energy with the neu-
onal membrane changes the membrane’s mechanical properties
n a localised manner: its geometry is affected due to (negatively
harged) phospholipid reconﬁgurations, which also affect its ﬂuid-
ty and permeability [294] , see Fig. 2 -a. Embedded proteins may
hange conformation as well, transiently adapting to the new high
nergetic situation. Importantly, a change to the conformational
tate of membrane lipids and proteins can result in changes to the
apacitance of the membrane [15] , modulating neural activity. This
odulation can operate at different parts of a neuron: affecting
he integration of post-synaptic potentials in the dendritic tree,
he probability of APs being generated at the axonal hillock, and
he transduction of APs along the axon (see Section 3.1 ). 
These direct conformational changes disappear shortly after the
nd of the ultrasound stimulation. Indeed, most ﬁndings report
ransient neuromodulation induced by ultrasound. Longer-lasting
lastic effects arising from repeated or prolonged stimulation
313] could be mediated through conventional neurophysiological
echanisms responsible for plasticity effects of non-invasive
rain stimulation, such as long-term potentiation and long-term
epression [283,264] . It is also possible that repeated perturbation
f the membrane leads to an accumulation of conformational or
eometric changes, similar to how repeated electrical stimulation
an change membrane capacitance beyond the stimulation epoch
hrough membrane thinning [132] . 
.1.2. Thermodynamic membrane waves 
When the acoustic wave interacts with the cellular membrane,
he ultrasound energy is transferred from one molecule of the
aterial to the next. This results in longitudinal distributions of
ompression and rarefaction regions along the medium: a pressure
ave. Neurons have several mechanosensitive components that
espond to such a density wave [307] , but most fundamentally the
ltrasound wave might interact with density membrane waves that
ccompaniy changes in membrane potential (see Section 3.2.3 ), see
ig. 2 -b. In fact, a strong ultrasound-membrane interaction might
echanically elicit a mechanical wave and a coupled AP [81] .
ore generally, the ultrasound induced membrane perturbation
ight interfere with the mechanical waves of spontaneous APs,
ither facilitating or inhibiting them. 
.1.3. Membrane geometry alteration and direct ﬂexoelectricity 
Relative displacements between lipids in the cell surface mod-
fy the electrostatic interactions between them and hence affect
128 A. Jerusalem, Z. Al-Rekabi and H. Chen et al. / Acta Biomaterialia 97 (2019) 116–140 
Fig. 2. Electrophysiological-mechanical coupling hypotheses in ultrasound neuromodulation and anaesthetics action. 
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c  the transmembrane potential. In fact, under a physical deforma-
tion, any polarised membrane creates currents ﬂowing across it
[71] (see also Section 3.2.2 ). Prieto et al. [256] measured changes
in membrane area and capacitance in an artiﬁcial bilayer as a
result of low-intensity ultrasound. They reported that the step
change in pressure caused by ultrasonic radiation force disrupts
the balance of forces between bilayer tension and hydrostatic
pressure and makes the ﬂuid membrane oscillate. Muratore et al.
[223] also reported that the acoustic radiation force is capable of
reversibly deforming cultured cells. In 2011, Tyler [306] proposed t  hat ultrasound modiﬁed the viscoelastic properties of neuronal
embranes, which altered membrane conductance. Finally, Chen
t al. [50] recently demonstrated that high-frequency oscillations
an induce an AP by direct ﬂexoelectric effect, see Fig. 2 -c. 
.1.4. (Mechanosensitive) Ion channel opening 
The neuronal cell membrane is characterised by a high-density
f ion channels, especially near the axonal hillock and synaptic
lefts. As such, neurons in general, and these regions in par-
icular, could be sensitive to the effects of ultrasound that are
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c  ediated by ion channels, see Fig. 2 -d. As early as in 1980,
otassium inﬂux and eﬄux were modulated in rat thymocytes
hrough ultrasound [45] . Low-power ultrasound was then shown
o increase the calcium concentrations in ﬁbroblasts [218] , and
nﬂuence membrane conductance in frog skin epidermis [75] .
hortly after, Mihran et al. [205] proposed that an ultrasonic
ulse could open stretch-sensitive channels. In 2008, Tyler et al.
309] measured ion currents after ultrasound stimulation and
roposed that the pressure wave actuating on axonal membranes
an induce reversible changes in the ion transport mechanisms,
hich in turn can cause the cell’s depolarisation (see also Section
.2.2 ). A growing collection of ion channels have been since
hown to be responsive to ultrasound stimulation, including the
wo-pore-domain potassium channel family [170] , but also chan-
els that are not primarily classiﬁed as mechanosensitive, such
s sodium and calcium voltage-gated channels [217] . Conversely,
echanosensitive PIEZO channels have also been shown to be
oltage-modulated [216] . Notably, most mechanosensitive ion
hannels depolarise the membrane upon opening and as such
ave a facilatory effect on neuronal activity. However, observed
nhibitory effects of ultrasound are not immediately in conﬂict
ith a mechanosensitive ion channel mechanism, as the inhibitory
ffects could be the consequence of the physiological characteristic
f the neural circuitry. For example, when ultrasounds interact
referentially with GABA-ergic inhibitory inter-neurons, the net
esult on the circuit level could still be inhibitory. 
.1.5. Thermal modulation 
Ultrasound effects on biological tissue are often classiﬁed
nto thermal and mechanical effects [65] . For neuromodulation
urposes, generally low-intensity protocols are employed ( < 20
 / cm 2 ) [305] . At those intensities ultrasound protocols are not
ikely to lead to temperature rises of more than a fraction of
 degree, too small to cause neuromodulation [317,309,250,68] .
owever, with higher intensities and sustained stimulation, even
hen stimulating below the ablation threshold, a thermal rise at
he stimulation site of one or a couple of degrees is possible. Such
hermal effects would be entirely reversible and non-invasive,
et could transiently alter neural activity in the hyperthermic
egion [82,296] , see Fig. 2 -e. In fact, some of the earliest reports of
eversible neuromodulation might be mediated by thermal effects
101] . Given the complexity of the relationship between ultrasound
arameters and temperature, it requires careful thermal modelling
o estimate whether thermal effects can be excluded as a potential
ource of neuromodulation for a chosen TUS protocol [56] . 
.1.6. Sonoporation 
Acoustic stimulation can lead to the creation of physical pores
n the lipid bilayer membrane, or more generally to an increase
f the lipid membrane permeability, a process referred to as sono-
oration. Such pores are lipid constructs and distinct from protein
on channels, but they too allow transport of ions. This effect can
e driven by ultrasound interfacing with the conformational state
f the lipids, leading to a phase transition related to the speciﬁc
eat of the membrane [293,324,32] . However, the most prominent
ypothesised mechanism driving sonoporation is micro-cavitation. 
Cavitation is one of the best studied effects of ultrasound on
iological systems [65,165] , see Fig. 2 -f. It occurs when the inten-
ity of the ultrasound is suﬃcient to induce resonation, expansion
nd potential collapse of gas bodies present in some biological
issues. This thus encompasses two phenomena: stable cavitation
the stable oscillation of a microbubble, by nature a mechanical
ffect) and inertial cavitation, whose potential subsequent inertial
ollapse can cause thermal rise and damage. Cavitation effects are
rominent at high-intensity protocols, but have not been excluded
t the lower intensities commonly employed for TUS. It must alsoe emphasised that a recent comprehensive review of histological
nalyses suggested that microstructural damage is very unlikely
ollowing FUS at conventional low intensities and durations [31] .
n fact, in only two studies, once after sonication at higher inten-
ities [157] , and once after a long repetitive protocol [179] , have
istological indicators for microhemorrhage been observed. 
Recently, it has been proposed that as a consequence of the
iphasic nature of the ultrasound wave, low-intensity ultrasound
an cause the intramembrane hydrophobic space between the two
ipid monolayer leaﬂets to inﬂate and deﬂate periodically [165] .
irst, and especially at higher intensities and lower frequencies,
his might lead to the creation and collapse of nanobubbles in
he intramembrane space, whereby these microexplosions can
nﬂuence membrane porosity [65] . The Neural Intramembrane
avitation Excitation model [250] describes how the membrane
bsorbs mechanical energy from the ultrasound and transduces
t into expansions and contractions of the intramembrane space
165] . This model does not require the presence of gas bodies in
he tissue, in agreement with the lack of gas bodies found in the
rain. Secondly, intramembrane nanobubbles oscillations might 
nduce changes in the local curvature of the membrane, which
ould modulate membrane potentials [273] . 
Importantly, the cavitation threshold in vivo is dramatically
ecreased if one artiﬁcially injects lipid gas micro-bubbles in the
lood stream. In fact, this is the principle of micro-bubble contrast
gents employed for high signal-to-noise ultrasound imaging. It
s also used in combination with FUS to locally increase the per-
eability of the blood-brain-barrier [315,188,144,52] . This exciting
pplication holds great promise for the targeted delivery of drugs
nd other agents. 
.1.7. Microtubule resonance 
Hameroff et al. [125] suggested that transcranial ultrasound-
mployed megahertz frequencies are in the range of intra-neuronal
icrotubuli resonance frequencies, making them vibrate syn-
hronously, in turn modulating the electrical signal, see Fig. 2 -g.
icrotubules are the major component of the cell cytoskeleton and
ave an important role in regulating synapses. Their oscillation
ill be thus coupled to the membrane’s, as well as inﬂuence the
ynaptic plasticity, as microtubuli are connected to actin ﬁlaments,
resent in dendritic spines. 
.1.8. Synaptic vesicle modulation 
Ultrasound-induced disruptions of chemical synapses have
een reported as a possible candidate for the immediate func-
ional changes observed following ultrasound application [273] , see
ig. 2 -h. Such process would involve increased neurotransmitter
elease, widening of synaptic cleft and altering pre- and post-
ynaptic densities [34] . Tyler et al. [309] also observed that a low
ntensity and low frequency ultrasonic wave can trigger synaptic
esicle exocytosis, as studied by a ﬂuorescent pH-dependent
ptical probe (neurotransmitter release causes an acidiﬁcation of
he synaptic cleft). 
.2. Ultrasonic neuromodulation results 
To provide a background and perspective to the
lectrophysiological-mechanical coupling principles of ultra- 
ound neuromodulation detailed above, we concisely review here
he historical and current observations in this ﬁeld. For a more
omprehensive overview, especially of the ultrasonic parameters
sed in experiments, readers are referred to the work of Tufail
t al. [305] , Bystritsky et al. [41] , Naor et al. [228] , Baek et al. [21] ,
lackmore et al. [31] and Tyler et al. [308] . 
Even though ultrasonic modulation of brain and nerves is
urrently a rapidly developing ﬁeld, it has been investigated for
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s  decades. The ﬁrst results of modulated electrical response of ex-
citable tissues were obtained in 1929, when Harvey [130] recorded
enhanced neural activity of a frog’s sciatic nerve upon ultrasonic
stimulation. Fry et al. [101] were the pioneers of applying FUS
to the brain. They showed that FUS could reversibly modulate
visual evoked potentials in cats. Shortly after, Ballantine et al.
[23] showed power-dependent (one hour lasting and perma-
nent) dilation of a cat’s pupil induced by ultrasonic sonication
in the Edinger-Westphal nucleus of the cat brain. In 1963, Lele
[183] found that similar effects could be achieved in peripheral
nerves and studied the effect of varying ultrasound intensity. He
found different effects of FUS on nerves, depending on the stimu-
lating intensity: low intensity FUS irradiation reversibly increases
the conduction velocity and the AP’s amplitude, moderate inten-
sity FUS induces reversible depression of AP and high intensity
FUS irreversibly depresses APs. Further evidence of the reversible
functional blocking of nerves with ultrasound was found by Adri-
anov et al. [3] . Koroleva et al. [164] showed that ultrasound pulses
elicited a steady negative potential shift of different stimulated
areas in the brain. Reduction in extracellular ﬁeld potentials were
recorded by Rinaldi et al. [265] . Gavrilov et al. [106] measured
the threshold for inducing a variety of somatic sensations (tactile,
temperature and pain). Since the XXI st century, many experimen-
tal studies have been performed, which we classify here by the
measured recorded response. 
4.2.1. Ultrasound direct effects on neural activity 
Ultrasound energy with speciﬁc parameters has been proven to
facilitate electrical phenomena, triggering the activation and prop-
agation of neural signals. In 2006, Vykhodtseva’s group recorded
changes in DC and steady depression after stimulation of rat
cerebral cortex [316] . Reversible enhancement of electrical activity
was recorded after ultrasound stimulation of rat hippocampal
slices [223] . 
Changes in compound APs (sum of the electrical activity of
different nerve ﬁbres) were also recorded, both as increase and
decrease depending on ultrasound intensity [156,182,303] . Ultra-
sound induced electroencephalogram changes were measured by
Lee et al. [176,178] , Gavrilov and Tsirulnikov [105] and Legon et al.
[182] . 
Conversely, varying the stimulation parameters and hence the
amount of energy delivered to neural tissue, the mechanical effects
of pulsed FUS can also reversibly decrease the functionality of
targeted neurons and even inhibit neural activity. Several studies
achieved temporary blockage of neural signals in nerves [176] ,
inhibition of APs [55,331] , reversible suppression of the visual
evoked potential [331] and of the somatosensory evoked potential
in humans [181] . In a clinical context, epileptic seizure suppression
has been reported [208] . 
4.2.2. Ultrasound effects on motor and sensory responses 
Much of the work in ultrasound stimulation has been aimed
at eliciting functional responses. Researchers have looked for
sensory responses to assess the success of ultrasound stimulation
[105,177,176] , but the motor response as a stimulation index is
more common, because of the ease of detection. Several research
labs have recorded electromyographic (EMG) responses induced
by ultrasound stimulation. These responses are often accompanied
by motor cortex activation and tail or limb movements, for which
initiation thresholds were studied [331,159,333,160,200,179] . The
EMG response is dose-dependent, time-locked to the stimulation,
site speciﬁc, and seems to be most robust when stimulating at
low frequencies [178,305] . 
4.2.3. Auditory and somatosensory confounders of TUS 
It has recently been suggested that certain TUS protocols might
have a limited eﬃcacy in evoking spiking activity at the stimula-ion site, but rather exert their inﬂuence on the brain through the
uditory system, not unlike an auditory startle response [274,121] . 
In these studies, as in many others, the ultrasound is modulated
t frequencies well within the audible range of the experimental
nimal. In such conditions, auditory confounders leading to startle
esponses might not be entirely unexpected. Moreover, these
xperiments were designed to test for evoked spiking activity,
ut endogenous spiking activity might have been suppressed or
isrupted by the anaesthesic, especially at the levels employed
n these studies. Perhaps a primarily neuromodulatory technique
uch as TUS might fail to elicit spiking activity, especially in the
bsence of ongoing neural activity. 
Importantly, these observations help mature the ﬁeld and argue
n favour of performing controlled experiments that address and
xclude such confounders [7] . 
.2.4. Ultrasound effects on general anaesthesia and conscious state 
Controversial results have been reported about ultrasound
odifying the effective time of general anaesthesia. Decreased
ecovery from general anaesthesia was reported in mice [200] ,
ut also early awakenings from these effects were reported [332] .
n fact, anaesthesia action mechanisms are not completely under-
tood (see Section 5 ). In a related research effort, one case study
eports the awakening of a patient from a minimally conscious
tate following ultrasound stimulation of the thalamus [212] . 
.2.5. Ultrasound effects on synaptic transmission and 
eurotransmitter release 
Several studies show that ultrasound stimulates synaptic
ransmission, combined with synaptic vesicle exocytosis [309] .
urthermore, studies on how ultrasound affects neurotransmit-
er release reported increases in extracellular concentration of
opamine and serotonin, as well as decreases in GABA [208,326] ,
ogether with increased glucose uptake [157] . 
.2.6. Plastic neuromodulation effects outlasting the stimulation 
To date, TUS protocols have been geared to induce short-lived
euromodulatory effects. In an exploratory analysis, one study
eported that the ultrasound targeted at the thalamus suppress so-
atosensory evoked potentials in anaesthetised pigs even beyond
he stimulation period up to 10 min (the entire measurement time)
66] . In another series of studies, acquiring functional magnetic
esonance imaging at rest across the whole brain in macaque mon-
eys, a TUS protocol was shown to modulate brain activation for
p to 2 h after the stimulation [313,95] . The protocols employed in
hese study are characterised by uncommonly long pulse durations
30–43.7 ms), repeated at 10 Hz, sustained for 40 s. This protocol
as effective across a wide range of brain areas, having speciﬁc
nd distinct impacts that are centred on each targeted brain area,
ncluding superﬁcial cortical, deep cortical, and subcortical regions.
he ultrasound stimulation modulated activity in the targeted area
o such an extent that the area’s normal interaction with other
rain regions was compromised. These effects were sustained
or up to 2 h, but disappeared in follow-up measurements. The
timulation was not associated with microstructural damage as
onﬁrmed with histological analyses. Importantly, these changes
o a brain area’s activation patterns were associated with speciﬁc
ehavioural deﬁcits, for example altering processes required for
daptive decision-making [96] . 
The neurophysiological mechanisms that support these sus-
ained but reversible neuromodulatory effects of repetitive TUS
re yet unclear. It is perhaps not unreasonable to expect that
imilar physiological mechanisms are at play as those that drive
he longer-lasting modulatory effects of other non-invasive brain
timulation protocols (TMS and TCS). These protocols invoke a re-
ponse of the brain’s own mechanisms for plasticity, learning, and
A. Jerusalem, Z. Al-Rekabi and H. Chen et al. / Acta Biomaterialia 97 (2019) 116–140 131 
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M  daptation, e.g., long-term depression and long-term potentiation
283,264] . However, the relatively long duration of these effects
 > 1 h) perhaps makes fast-acting plasticity mechanisms, such as
epletion of neurotransmitters (e.g., glutamate), immediate neu-
otransmitter/neuroendocrine release (e.g., GABA), or ion channel
de-)sensitisation, unlikely candidate mechanisms. Importantly, 
t should not be ruled out that the sustained effect might be a
onsequence of less well-studied mechanisms, such as the ultra-
onic stimulation of glia cells that in turn mediate plastic changes
n neuronal coupling and ﬁring, or the possible accumulation of
onformational or geometric changes to the neuronal membrane
132] , see Section 3.2.1 . 
.3. Future developments of ultrasonic neuromodulation applications 
The mechanical stimulation of transcranial FUS can invoke
 wide range of electrophysiological effects. To advance basic
nd cognitive neuroscience, it is necessary both to record and
erturb the activity of brain circuits. As such, TUS is a promising
on-invasive brain stimulation technique, even without a precise
nderstanding of its cellular mechanisms of action. TUS is now en-
ering the clinical domain, with several trials under-way. Currently,
ost clinical protocols capitalise on the short-lasting modulatory
ffects of ultrasound, e.g., to suppress the build-up of epileptic
eural activity, while others try to use repeated short ultrasound
rotocols to trigger longer-lasting changes in the clinical state of
he patient, e.g., in the context of minimally conscious patients
212] . 
To deliver on its full potential for research and therapy, ul-
rasound protocols are required that induce longer-lasting plastic
hanges to brain activity. This will open up new possibilities
o aid the treatment of neurological disorders such as tremor
eduction or psychiatric illnesses such as depression. Of course,
he interaction of ultrasound with biological tissue is not limited
o neurons speciﬁcally, but also include, for example, glia cells
nd the neural vascular system. As such, ultrasound holds the
rospect to be used as a tool to induce a neurophysiological
indow of plasticity sensitisation, aimed at aiding recovery after
troke, TBI, and spinal cord injury. Achieving this aim requires a
trongly integrated approach, bridging in vitro, in vivo, in silico,
re-clinical, and clinical studies. Here, the utilisation of informed
nd informative computational models predicting the biochemical
nd electrophysiological alterations for a given set of ultrasound
haracteristics will be vital to better translate insights across sys-
em levels, and to tailor and assess the application of ultrasound
or neuromodulation on a patient-by-patient basis. 
. General anaesthetics 
General anaesthetics are drugs which lead to a state of un-
oncsiousness, immobility, amnesia as well as analgesia. Their
evelopment has revolutionised medicine by facilitating surgical
rocedures that would otherwise never have been possible. De-
pite this, a detailed understanding of the mechanisms of general
naesthesia is still incomplete. The ﬁrst public demonstration of
eneral anaesthesia in 1848 was performed using ether. However,
 wide range of chemically diverse agents have been shown
o have anaesthetic properties. General anaesthetics divide into
nhalational and intravenous agents. Halogenated ethers (such as
soﬂurane, sevoﬂurane, desﬂurane), nitrous oxide, xenon, cyclo-
ropane, halogenated alkanes (e.g., chloroform, halothane) have
ll been used clinically as safe inhalational anaesthetics, although
 wide variety of other substances such as alkanes and alcohols
ave also been found experimentally to have anaesthetic effects.
ntravenous anaesthetic molecules are similarly disparate in struc-
ure, including propofol (a phenol derivative), thiopentone (aeterocyclic barbiturate), etomidate (an imidazole derivative) and
etamine (related to cyclohexanone). That such a diverse variety
f small and chemically unique molecules may apparently lead to
linically similar effects seems to preclude a mechanism involving
 unifying protein binding site. In the following, we review the
istory of the different theories brought forward since 1848 and
ttempt to infuse the different paradigms with the new knowledge
rought forward by the previous sections. 
.1. Explaining the mechanisms of anaesthesia: From lipid to protein 
.1.1. Lipid theory 
Initial attempts to ﬁnd a unitary theory of general anaesthesia
ave focussed on the lipid bilayer as a potential site of action.
his was motivated by the observation of a log-linear relationship
etween anaesthetic potency and lipid solubility [201–203,237] .
ccording to the lipid theory, anaesthesia arises when a par-
icular number of anaesthetic molecules dissolve in the lipid
ilayer, giving rise to changes in its physicochemical properties
201–203] such as ﬂuidisation and thickening of the cell mem-
rane [12,276] . The ﬂuidity of the lipid membranes was originally
onsidered as an attractive hypothesis of the action of anaesthetics
n the membrane because it provided a possible mechanism
hereby anaesthetics could affect membrane proteins such as
on channels by disrupting membrane lipids [240] , see Fig. 2 -i.
his behaviour could then for example account for the reversal of
naesthesia at high pressure [150,207] . 
However, there are several limitations of this lipid hypothesis.
irst of all, the effect of alcohols on membrane ﬂuidity are gener-
lly seen at concentrations above the pharmacologically relevant
ange. At concentrations comparable to anaesthesia, there would
e only 1 alcohol molecule for about 200 lipid molecules [112] ,
aking it diﬃcult to imagine signiﬁcant effects of membrane
uidity on protein function. 
Secondly, equivalent membrane ﬂuidising effects can also be
aused by elevations of membrane temperature of only a few
egrees, yet pyrexia neither induces a state of anaesthesia intox-
cation nor does it alter the function of membrane proteins such
s neurotransmitter ion channels [238] . Additionally, whilst mem-
rane ﬂuidity has been shown to correlate with alcohol-induced
icotinic acetylcholine (nACh) receptor desensitisation [92] and
timulation of rhodopsin, a G-protein-linked receptor [209] , it
oes not appear to correlate with the effects of alcohol on several
ther important neurotransmitter-gated ion channels for which
he potency threshold by straight-chain alcohols distinctly differs
186,241] . 
Thirdly, n -alkanols or alkanes of increasing chain length in-
rease in potency as expected but only up to a point after which
hey exhibit an anomalous ‘cutoff’ effect (around C12 and C10,
espectively). This has been taken as evidence that the site of
ction has a ﬁnite volume such as a protein pocket. Finally, not
ll small lipophilic molecules exhibit anaesthetic properties. For
xample, the compound F6 (1,2-dichlorohexaﬂuorocyclobutane) 
elongs to a group of ‘non-immobilisers’ lacking anaesthetic
roperties in contrast to the related anaesthetic F3 (1-chloro-1,2,2-
riﬂuorocyclobutane) suggesting a more selective mechanism of
ction apparently in violation of the Meyer-Overton rule. 
.1.2. Protein theory 
Despite the attractive unitary nature of the lipid theory, di-
ect evidence for the involvement of proteins began to appear
99] , see Fig. 2 -j. General anaesthetics were observed to be able
o competitively inhibit luciferin binding with ﬁreﬂy luciferase
ven when lipids were carefully eliminated [100] , subsequently
emonstrating a direct interaction with functional proteins [98] .
any others also showed the electrophysiological effects of direct
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‘anaesthetic binding to a variety of membrane-bound proteins
associated with neuronal conductance [149,204,329] . We now
understand that general anaesthetics may have pleiotropic effects
on a number of ion channels (see, e.g., Box 2 in Ref. [267] ) which
vary with the agent. The best studied ion channels which have
been directly implicated in general anaesthetics activity include
the inhibitory γ -aminobutyric acid GABA A and excitatory NMDA
glutamate receptor. GABA A channels are ubiquitous across the
central nervous system anatomy and occur both synaptically
and extra-synaptically. The action of halogenated inhalational
general anaesthetics and a number of intravenous anaesthetics
is largely mediated through an increased opening of GABA A 
channels either through altered gating in the presence of the
GABA ligand, by directly causing them to open, or by stabilising
the channel against desensitisation depending on the agent and
dose. By contrast, the effect of non–halogenated inhalational
anaesthetics including nitrous oxide and xenon as well as the
intravenous agent ketamine seems to be predominantly or entirely
mediated by blockade of postsynaptic excitatory glutamatergic
NMDA receptors. Other ion channels such as the glycine, nACh,
5-HT 3 , α -amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
and kainate glutamate receptors as well as two-pore-domain ‘leak’
potassium, hyperpolarisation-activated cyclic nucleoride gated
and voltage gated sodium channels have all been implicated
with different general anaesthetics binding to varying degrees
with these various substrates [136] . Whilst identiﬁcation of a
speciﬁc binding site is more diﬃcult still, a number of ion channel
sub-unit chimerism and mutation studies have demonstrated
potential protein regions and residues that seem to be important
[136] . 
The protein theory is also incomplete. For instance, although
the luciferase model was instrumental in suggesting that gen-
eral anaesthetics could have direct competitive inhibitory effects
on enzymatic functions, it is not an adequate model to explain
pressure reversal [220] . The anaesthetic potency of isoﬂurane
[129,194] varies between its two stereoisomers as does their abil-
ity to modulate GABA A receptor opening [213] . Similar effects are
found with other chiral anaesthetic agents such as ketamine. This
is consistent with an anaesthetic binding site that has a complex
stereoselective structure such as a protein. However, this also not
only argues against a common binding site (it is hard to see how
a small, symmetrical molecule such as xenon could act at such a
site [80] ), it in no way precludes a role for the lipid bilayer: ﬁrstly,
such stereospeciﬁcity is not seen in all anaesthetics and secondly,
the lipid bilayer also has chiral centres. 
Another argument against a common-binding-site paradigm re-
lates to anasthesia driven immobility. General anaesthesia involves
complex state of not only hypnosis but also amnesia, analgesia
and immobility. These may have differing anatomical sites and,
potentially, mechanisms that involve diverse molecular substrates.
Also, hypnosis and amnesia involve the reversible disruption of
cortical, sub-cortical and brainstem connectivity for which ion
channel target correlates have now been well described. The
question of immobilisation, however is particularly interesting.
Immobility in response to painful stimulation is not simply a
result of functional sensory denervation as autonomic changes
are preserved, neither is it a state of paralysis as motor evoked
potentials are generally also still seen. The anatomical site seems
to be the spinal cord but no convincing molecular target has been
found. The glycine receptor—the peripheral counterpart to the
centrally found GABA A inhibitory receptor—would be an obvious
candidate. However, the discovery that the propofol analogue 2,6-
di-tert-butylphenol has activity at this receptor whilst nevertheless
being a non-immobiliser suggests instead that it is not involved
[6] . It is very much conceivable that immobility is caused by a
non-speciﬁc mechanism [80] . .2. A role for the membrane? 
While there seems to be a growing body of evidence in
avour of a protein-mediated explanation for anaesthesia, it is
qually clear that alternative complementary mechanisms are at
lay. In particular, a role for the multiphysics of the membrane
round which the original lipid theory is centred would provide
 consistent framework for these observations. We review, in the
ollowing, evidence pointing towards such paradigm. 
.2.1. Composition 
Direct binding to sites on ion channels ( Fig. 2 -j) is not neces-
arily the only mechanism by which anaesthetic molecules may
nﬂuence such targets: they may also very conceivably do this
ndirectly through their action on the lipid membrane compo-
ition. It is known, for example, that lipid composition affect a
umber omayf membrane proteins (see, e.g., the review by Peoples
t al. [240] ) although evidence for this in the case of channels
mplicated in general anaesthesia is not yet forthcoming, at least
t concentrations that are clinically relevant. 
The demonstrated violation of the Meyer-Overton rule due to
he existence of a ‘cutoff’ effect does not imply a situation of
imple steric hindrance by a hydrophobic pocket [79] as this effect
ay be concentration dependent which may account for anoma-
ies in the Meyer-Overton relationship. Anaesthetic potency has
een demonstrated in polyhydric alcohols [211] which have van
er Waals volumes greater than those above-cutoff n -alkanols but
re strongly conﬁned to the lipid bilayer by non-lipophilic mech-
nisms. This suggests that a potential mechanism of action that
oes not involve a binding pocket, such as a indirect functional
odulation by changes in membrane properties. It is also known
hat membrane protein function can be modulated by amphiphiles
ia alteration of lipid membrane elastic properties and complex
ipid-protein hydrophobic interactions [193] , see Fig. 2 -i. 
.2.2. Pressure 
The concentration of anaesthetic molecules within the lipid
embrane may not be uniformly distributed and this heterogene-
ty may show pressure dependence. Molecular dynamics simula-
ions by Tu et al. [304] of halothane in lipid bilayers show a ten-
ency to aggregate laterally, increasing the local concentration of
naesthetics. This aggregation was observed to be abolished with
ressure, reducing localised concentration and suggesting a poten-
ially new mechanism for pressure reversal, see Fig. 2 -k. However
his was not replicated in a similar study of isoﬂurane [320] . At
he same time, there is also experimental evidence for aggregation
cross the thickness of the membrane with potent molecules
ocalising preferentially at the membrane interface [233,19,288] . 
Fluid interfaces represent narrow regions of high interfacial free
nergy and consequentially extremely high levels of lateral pres-
ure exist in the lipid membrane. Modelling suggests that this may
lso have an effect on membrane protein conformation [42] and
hat this may be modulated by anaesthetic-like molecules. Gruner
nd Shyamsunder [119] proposed that alcohols and anaesthetics
ct by inducing curvature in the membranes, which would relate
ell with the voltage-induced membrane tension and ﬂexoelectric
oupling theories, see Section 3.2.1 and 3.2.2 . Other experiments
ave shown that alcohols and anaesthetics act by disrupting the
ydrogen bonding among lipids or those between lipids and
roteins [37,51] . Analysis of the effect of hydrogen bonding on
naesthetics potency has shown that the alcohol and anaesthetic
ites of actions have a polar component that is a hydrogen bond
cceptor [2] . When polarity is taken into account, it is possible
o explain the apparent violation of the Meyer-Overton rule by
non-immobilisers’. 
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i  .2.3. Phase 
Lee [175] and Trudell [301] separately proposed that alcohols
nd anaesthetics may change the equilibrium between highly-
rdered lipids in the gel phase and less ordered lipids in the
iquid-crystalline phase, see Fig. 2 -l. In this system, the lipids that
urround protein channels need to be in the less-ordered and
ore-compressible liquid crystalline state to have the channel
pen. Based on this model, anaesthetics dampen the function of
he channels by lowering the temperature at which the lipids
nter the gel phase. However, such effects are small (differences of
ess than one kelvin) at pharmacologically-relevant concentrations
64,287] . Furthermore, the effects of alcohols on lipid phase transi-
ion temperature are reversed by pressures much lower than those
eeded to reverse anaesthesia [207,287] . It must nevertheless be
mphasised that the physics of the anaesthetic on the lipid are
ar more complex than is revealed by the ‘bulk’ phase properties.
naesthetics are known to be interfacially active and surfactants
ave also been demonstrated to show qualitatively anaesthetic-like
ctivity on GABA A , glycine and NMDA receptor activity [326] . 
This also lends itself particularly well to the thermodynamic
heory [133] (see Section 3.2.3 ), where (1) general anaesthetics,
arbiturates, and local anaesthetics are shown to display the
ame effect on melting transitions, (2) their effects are reversed
y hydrostatic pressure, and (3) the ‘cutoff’ effect of long-chain
lcohols is in agreement by noting that the long-chain alcohols
isplay transitions above body temperature while 1 -alcohols with
eneral anaesthetic effect display transitions below [117] . 
.2.4. Bubbles 
Various ion channels, of the transmitter-gated and potassium
hannel families have been elucidated as potential targets of
naesthetics [255,272] . It has been proposed that many ion chan-
els open and close by ﬁlling or forming bubbles [266] . Bubbles
n channels obstruct the ﬂow of ions whereby completely blocking
he ﬂow of ions, in agreement with another study [266] , see Fig.
 -m. The phenomenon of bubble formation is more accurately
alled capillary evaporation. Capillary evaporation and conden-
ation are well known on the macroscopic scale as a special
ase of dewetting and wetting at interfaces. The hydrophobic
egions of the ion channel wall help control bubble formation
uch as hydrophobic surfaces control wetting and dewetting: a
ydrophobic surface allows the cohesive forces of water to pull
he ﬂuid away from the wall. Bubbles are localised and controlled
y the rings of nonpolar amino acids of the nicotinic acetylcholine
hannel [285] , the hydrophobic intracellular pore of the potassium
on channels [76] , and gating structures in general [22,26] . It
s suggested that noble gas anaesthetics may act by modifying
he energetics of the bubble formation and ﬁlling and that the
ell-known effects of hydrostatic pressure on anaesthesia involve
naesthetic effects on bubbles in channels themselves. Again, an
bvious parallel is easily drawn with the sonoporation/cavitation
heory behind the action of ultrasound, whereby anaesthetics and
ltrasound would both act on bubble formation either in opposite
ays (when ultrasound enhances AP activity) or in a similar way
when ultrasound impedes it), see also Section 4.1.6 . 
In summary, over 100 years after Meyer and Overton suggested
he importance of the lipid membrane in the mechanism of
eneral anaesthesia, the experimental evidence is complex and at
imes remains contradictory with much we do not understand.
hilst it does seem clear that there is not a unitary explana-
ion for the action of general anaesthetics and that modulation
f protein function is critical, there is also evidence to suggest
hat a direct protein/anaesthetic interaction may not be the only
echanism for this. The physical effect of anaesthetic agents on
ipid bilayers is highly complex and new mechanisms based on
embrane properties more sophisticated than weak bulk ﬂuidisa-ion effects are emerging. These may challenge our understanding
ut also represent further important evidence that the function of
he cell membrane is not the result of stereotypical mechanisms
n isolation but instead emerges from the integrative behaviour of
 complexly coupled multiphysics system. 
. Future prospects 
Psychiatric and neurological conditions affect one if four peo-
le. With developments of psychopharmacological solutions slow-
ng down it has now become urgent to advance new options. In
ecent years, low-intensity FUS has arisen as a tool to modulate
eural activity with high precision, even deep in the brain, with-
ut invasive surgery. Ultrasound neuromodulation is governed by
echanical physics, while its effect on neural activity has conven-
ionally, and paradoxically, only been approached from an electrical
erspective. Ultrasound has been shown to modulate neural activ-
ty in the absence of thermal or cavitation effects, whereby early
mpirical evidence points to a contribution of both the neuronal
embrane state and the ion channels activity within. A simplistic
iophysical model is thus unlikely to suﬃciently describe how ul-
rasound can modulate neural activity. Future developments will
ely on multiphysics approaches that incorporate the multiscale
omplexity of ultrasound neuromodulation. They will constitute
he foundation of new predictive frameworks for the assessment of
afety, design of new protocols, and diagnostics in clinical settings.
The ﬁeld of general anaesthesia has been revolutionary in facil-
tating surgical interventions that would otherwise be impossible.
 diverse range of chemical agents are able to induce a state of
ypnosis, analgesia and immobilisation by suppression of neuronal
lectrical activity in key cortical and sub-cortical structures. The
ay they do so remains largely unknown. Whilst early observa-
ions suggested that these agents might act by directly affecting
embrane ﬂuidity, evidence suggesting that anaesthetic agents do
ave a direct effect on ion channels have subsequently emerged.
owever, while protein targets may be one of the leading ef-
ectors of anaesthesia, there is evidence to suggest that these
gents do not always act in a simple direct way, such as through
igand-receptor interactions. In fact, current research points to-
ards a complex interplay between multiple, diverse mechanisms
cross temporal and spatial scales, where the membrane and
on channels act together as a highly complex biomechanically
oupled multiphysics system. As in the case of ultrasound neu-
omodulation, an approach encompassing not only biochemistry
r electrophysiology, but also mechanics, is required to reconcile
rain function and physics. In particular, multiphysics considera-
ion could open the door to new agents with optimised properties,
nd possibly broaden the understanding of human consciousness. 
. Conclusion 
Over the last century, the biology and physics of the neuron
ave both been slowly gearing away from their respective bottom-
p and top-down approaches. The membrane’s biology cannot
nly be completely understood through the sum of its individual
omponents and the functional properties of a neuron cannot be
educed to an electrical phenomenological model. This paradigm
hift in research practice and understanding is the combination
f (1) an increased awareness that biochemistry, mechanics and
lectrophysiology are intrinsically linked, and not just a causality
hain, and (2) the evergrowing weight of medical science con-
tantly testing to the limits the different theories brought forward
y biologists, neuroscientists, physicists and engineers. 
In particular, ultrasound neuromodulation and anaesthetics
epresent technologies that ‘work’ without a complete understand-
ng of the ‘how’. The constant push to elucidate the mechanisms
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 behind their unequivocal success and promises is challenging
researchers to enlarge their perception of their own ﬁelds and
embrace the need to involve multiphysics considerations in every
biological system. 
New theories of the multiphysics of the membrane are partic-
ularly promising. Two paradigms are generally followed: the ﬁrst
one attempts to gather the different physics of interest and couple
them through established laws (potentially phenomenologically),
and the second one aims instead at encompassing them all un-
der a more general thermodynamic framework. While the latter
approach is more physically grounded, it is also more diﬃcult to
specialise to a given biological system with speciﬁc functions. The
former, on the other hand, relies more on experimental interpre-
tation but is also more practical to use when attempting to focus
on a given application. Both suffer from a lack of scalability, with
a dependence on phenomenological approaches when reaching
the tissue scale. It is however clear that the emergence of large
overarching research programmes involving biological, physical,
mathematical and engineering sciences, among others, will allow
for the translation of these theories into the pragmatic setting
characteristic of medical science. 
In his Nobel lecture in 1963, Huxley concluded: ‘Both Hodgkin
and I feel that these equations should be regarded as a ﬁrst
approximation which needs to be reﬁned and extended in many
ways in the search for the actual mechanism of the permeability
changes on the molecular scale’. While those ‘many ways’ do
certainly involve the need for multiphysics considerations, it is
now quite clear that the molecular scale alone is not enough to
encompass the vast realm of applications that their work opened. 
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